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CALL TO ORDER 


PROF. HELMUT MORITZ, Chairman 


Ladles and Gentlemen, I would like to welcome you all to Che symposium 
on the Applications of Marine Geodesy. First* I would like to Introduce 
myself, my name Is Helmut Moritz - I am with the Technical University at 
Graz, Austria. Originally, 1 was supposed to serve as co-chairman her s t 
the chairman of the symposium being Hr. George Mourad from Battelle; but 
unfortunately George has not yet completely recovered from a recent 
operation so he has asked me to take over the chairmanship of this symposium. 
Perhaps it may be well to recall the history of marine geodesy and of marine 
geodesy symposia. As you well know, in 1966 there was the first marine 
geodesy symposium here at Battelle. It was co-sponsored by Battalia and 
NQAA. The second one was in 1969 in Hew Orleans and organized by Che 
Marine Technology Society. In 1971 at the IUGG General Assembly in Moscow, 
there was also a symposium on marine geodesy and now in 1974 we have a 
symposium that is called Applications of Marine Geodesy. So, it seams that 
marine geodesy has reached the stage where one can really also present 
applications and results. Well, this symposium will deal with these 
subjects. I would also like to transmit to you a message from George 
Mourad. He would like to extend his special thanks to the many people who 
made this symposium possible. In addition to the co-sponsors, associate 
sponsors and the committee members, a special thanks is due for two 
particular non-committee members for their assistance and who have been very 
much involved in the preparation of the symposium. These are Capt. Jane 
Mackenzie, Marine Consultant, and Dr. Milton Johnson of NQAA who will be 
speaking in Session IV. Also, from Battelle to Drs. A1 Robinson and Mike 
Fubara, who very adequately filled in for George's absence. I would like 
to transmit to you the greetings from the International Association of 
Geodesy. You know there is a special study group within the association 
of geodesy of which George Mourad is Chairman. And on behalf of the 
International Association of Geodesy, and of the International Scientific 
Community, I would like to extend apeclal thanks and appreciation to 
Battelle Memorial Institute for making this symposium possible by arranging 
it. 

And now Ladies and Gentlemen, 1 would like to Introduce Dr. John M. 
Batch, Director of the Columbus Division of Battelle Memorial Institute who 
will be our host and will then give a speech of introduction. Dr. Batch 
has been active in research, research management, and education since 1950. 

In his present position as Director, he is responsible for all research and 
supporting activities at the Battelle Columbus Laboratories and associated 
marine facilities at Long Beach, California, Daytona Beach, Florida and 
Duxbury, Massachusetts. Early in his career, Dr. Batch was employed by 
General Electric Company and later by Battelle, His main field of research 
and development was in the field of nuclear engineering with emphasis on 
heat transfer to nuclear reaction design and safety. He Is author and co- 
author of a great number of reports and publications. Dr. Batch has also 
been very active in Education. He has a distinguished educational career 
beginning as an Instructor in mechanical engineering at South Dakota State 
College and Purdue University and laadlng up to an adjunct associate 
professorship at the University of Washington in Washington State University 
during the time he was associate director of Battelle Northwest Laboratories 
at Richland, Washington. Well, may I ask Dr. Batch to give his address. 
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WELCOME 


from 


Dr. John M. Batch* Director 
Battelle Co Limbus Laboratories 


It gives me a great deal of pleasure to be able to welcome you to 
Columbus and to Battelle Columbus Laboratories on this really beautiful 
day. I'm very happy that the cooml£tee had foresight enough to schedule 
this symposium on a day when the weather was like this. 

We at Battelle are Indeed gratified to be able to join with the five 
co • sponsors and the six associate sponsors in creating this symposium on 
Applications of Marine Geodesy. 1 want to emphasise that we are only one 
of the co-sponsors; the co-sponsors need to be given a lot of the credit. 

1 would like -o be able to tour you through the Battelle Facilities 
and show you what Battelle is all about. But we don't have time. However* 

I can give you a quick description of the Battelle Facilities. As most of 
you know. Battelle is a research organisation. Our total effort in research 
Is about 130 million dollars a year and our facilities are spread through- 
out the United States and also in Zurope. 

This symposium is being held at the Battelle Columbus facilities which 
house approximately 2*600 people. The Battelle Northwest Laboratories 
activities are very similar to Battelle Columbus research although there 
are variances in emphases. Northwest division has about 1*700 employees. 
Battelle also has two facilities in Europe which perform contract research, 
one in Geneva* Switzerland with 650 employees and the other at Frankfurt, 
Germany with 850 people. 

As far as marine research is concerned, our activities are mainly 
concerned with marine engineering, marine biology and various aspects of 
marine fouling. Oir marine laboratory at Duxbury, Massachusetts* which Is 
about 40 miles south of Boston* is involved in looking at the environmental 
effects of plant and animal life in the ocean. Our marine laboratory at 
Daytona Beach, Florida, is primarily concerned with marine fouling. Ocean 
engineering research is performed in our Long Beach* California facilities. 

A fourth marine laboratory Is operated by Battelle Northwest at Sequlm, 
Washington, very close to the Pacific Ocean. 

That is a very short description of Battelle, but it does give you an 
idea of our facilities that are specifically and directly associated with 
marine activities. 

In all our many areas of activity, Battelle is deeply concerned with 
the utilisation of science end engineering for the benefit of mankind. For 
this reason we are particularly happy to note that a large portion of the 
papers that will be given here will be devoted to applications-* that Is, 
current and future uses of marine geodesy for practical application. 
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Aa far as the implications of potential future uses, I would like to 
invite all of you to participate In a meeting which will take place tonight, 
which is not a part of this symposium but which you should find very 
Interesting. Battelle is joining with the Department of Geodetic Science 
at the Ohio State University in a study of the future requirements of marine 
geodesy. Tonight at 8:00 p.m. , we are Jointly sponsoring an open session 
in the third floor auditorium at the Sheraton Columbus Hotel. At this 
meeting we hope to generate a very lively discussion on the future of marine 
geodesy. The meeting will be chaired by Professor Ivan Mueller from Ohio 
State University. He joins with me In hoping you will be able to attend the 
meeting. Along the same lines, we hope you will complete the questionnaire 
you received along with the conference program and return it to us sometime 
today. 


If we can assist you in any way in making your stay here more pleasant 
please do not hesitate to call on us. We will be happy to arrange tours 
through the facilities here at Battelle Columbus if you are interested. 
There are a number of Battelle people who are participating In this 
symposium, but we also have some young ladies who are sitting out at the 
front desk, whom you will be able to identify easily. Ask them or ask any 
of us and we will do anything conceivably possible to assist you. 

Thanks again and welcome to Battelle. Enjoy this s>^posium. 


INTRODUCTION 

OF 

FRANK L. WILLIAMS 


by 

PROF. HELMUT MDR1TZ 


Now 1 have the pleasure of introducing to yot Dr. Frank L. Williams 
aa representative of the Co-Sponsors* Dr. Williams is a graduate of Auburn 
University, Massachusetts Institute of Technology where he graduated as 
bachelor and master In aeronautical engineering. First, he has had a period 
of some seven years as an Air Force Officer and then he joined NASA. Since 
1958, he haa had a very distinguished career within NASA. He worked 
together with Varner Von Brown and sines July, 1972 he has sarved in hia 
present position as Director of the Special Programs Division, Office of 
Applications. In this position he Is responsible for programs such as 
SEASAT and GE08-C. So, we are very privileged to have Di . Frank Williams 
talk to us now on behalf of the Co-Sponsors. 
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OPENING REMARKS 


MR. r RANK L. WILLIAMS 
Director, Special Programs Division 
Office of Applications, NASA 


Thank you. It is s privilege to he a representative spokesman, if you 
will, of the Co-Sponsors and on behalf of the Co-Sponsors which are listed 
»n your program--The Battel .e-Columbus Labs, The Defense Mapping Agency, 

The Office of Applications at NASA, The National Ocean Survey of NQAA, The 
Office of Naval Research and The National Science Foundation --* 3 well as 
several Associate Sponsors. On behalf of all of us, we welcome you to the 
symposium. 

We, as Co-Sponsors, would like to thank civ. Dottelle-Columbus Labs for 
the work that they have done, and It has been quite a chore, 1 am sure, 
to make all the arrangements for this symposium. We would like to thank 
the Program Committee, Dr. Moritz and George Kourad. I am certainly sorry 
George can't be he l have had the personal pleasure of working with 

Cecrge over the l*.*t several years and 1 know how much this symposium has 
meai.t to him. 

As the Sponsors and Co-Sponsors, ve are pleased with the reception 
tl.at the symposium has received, as is indicated by the number of repre- 
sentatives from various domestic user organizations, as well as foreign 
representatives. The subjects being covered is broad, and I think we are 
now really mevlng Into the realm of the applications of ocean genid and 
geodetic s. The papers, of which 1 have been able to get n advanced copy, 

I have read and I am quite impressed by their quality. I think we are off 
to an exceptionally good start • and speaking for the Sponsors we are quite 
pleased. 

I did want to take advantage of this opportunity to talk brelfly about 
some of the NASA activities and how we see NASA fitting into the subject 
matter being discussed at the symposium. 

A little over two years ago, we assembled from what was emerging In the 
science and early applications days the Earth and Ocean Physics Applications 
Program coemonly known as EOPAP. This program was not defined by just NASA, 
and was not defined in just one meeting or over a brief period, but Is one 
that has evolved over the years. However, finally in a very concentrated 
effort working with What we call our user connunlty-vhich consists of other 
governmental agencies, industry, the academic community and in some cases 
foreign lnvolvement--led to the formal definition of the EOPAP program. To 
put things into perspective, we set some long range objectives or goals for 
the EOPAP program which are shown in Figure 1. 

These are the goale that we set and are related to the development and 
validation of methods for observing earth dynamic motion using spaca 
techniques. The first objective addresses tectonic plate motion and, in 
particular, earthquakes. The next two objectives relate to the oceans. 
Again, from a NASA standpoint, these focus on the applications of space 
techniques, tools, and technologies. Finally, the last objectiva dealt 



with Che local geoid, and extending geodetic control to inaccessable areas; 
in Che areas of napping and geophysics applications - again a topic under 
discussion at this symposium. 

We at NASA recognize that the ultimate accomplishment of these objectives 
is not a NASA responsibility. Ultimately, this responsibility lies with 
the collective user community. However, we feel that we have a r ole to 
play, a contribution to make, and can be a participant in achleveir.g these 
very worthwhile objectives. We have defined a program - again a NASA 
program - but defined in cooperation with our user conmunity- -again, other 
government agencies, industry and the academic conmunity as well as inter- 
national participants. This long range plan is illustrated in Figure 2. 

To develop this plan we had a good heritage with which to start. The top 
three programs have already used space techniques to address the subject. 

The earth and ocean physics applications programs start with the Une 
Measurement Systems, Forecasting Techniques & Modeling and range to Advanced 
Applications Flight Experiments (AAFE) program. The remaining program, In 
Figure 2, are activltes within NASA * with the exception, TIMATIOL - that 
are complementary or support the activities we have In the Earth and Ocean 
Physics Applications Program. 

1 don’t plan to discuss all of them, but to talk about several as time 
permits. Measurement systems, forecasting techniques, and modeling are, 
to a degree, supporting research and technology activities that address the 
modeling and forecasting techniques that a-jply to marine geodesy, as well 
as tectonic plate motion, etc. Data analyils is an activity that Is set 
aside specifically to analyze, utilize the lata being collected for the 
various ground, as well as space based experiments that are underway. These 
are ongoing activities. 

Tectonic plate motion is a new activity that is building on some past 
research and technology work. The San Andreas Fault experiment and the 
VLBI-Very Long Baseline Interferometry work address position, plate motion, 
UT-l or earth rotation and polar motion. 

Next are the flight experiments. CEOS-C is a research satellite that 
will be launched t third quarter of this year, that will carry an 
altimeter and, hopefully, wil. address— in a much more precise way, as well 
as on a global jasls— the geoid. The altimeter will also give us the 
altitude from the satellite to the surface of tht ocean as well as, we feel, 
the wave helg: c so that we will bo aHe to get sea-state information out of 
that system. LACEOS is a large and very dense sphere about 2 feet in 
diameter that will be launched in 1976 - and will provide a permanent 
reference place in apace and a very precise orbit for our 1at.«r .angin; for 
geodetic work. SEASAT-A is what we at NASA feel Is the first oceanographic 
satellite and I won’t go into any more details. Walter McCandless wil be 
giving a paper on SEASA1 this afternoon. To get a better handle o%. th s 
gravity field, we are planning CEOPAUSE - and CRAVSAT . SEASAT-B is planned 
for the early 1980’«, and, being very frank, is relatively undefined at this 
point in time. First we want to get GEOS-C under our belt and understand 
how well that system Is going to work and develop a firmer handle on 
precisely what SEASAT-A will do. SEASAT-B could be anything from an 
advanced research and development type system through the spectrum up to a 
prototype operational system, and we, NASA as well as our user conuvnlty, 
will begin to address that in a very definitive way starting this coming 
year. Let us pass over Skylab since I have a little bit of data that I am 
going to show you In a moment. T1HATI0N is a Department of Defense system 
which provides another reference base laser ranging. The ATS-F Satellite- 
Advanced Technology Satellite series P--vas just launched last week, and Is 
successfully in orbit. Everything is checking out and it seams to be 
operating quite satlafactorllv. In fact, It was a flawless flight. I bring 
that up in that we will be u ng ATS-F in concert wltl GEOS-C, which will be 
launched later this year, for satellita-to-satel lite tracking, GEOS-C being 
in low orbit and ATS-F being in a synchronous orbit. Also we will use this 
satelllte-to-satellite data transmission on the ASTP or Apollo Soyuz Test 
Program-tie have two experiments that will be flown in this Joint U.S.- 
Sovlet mission. Again, we will be testing satelllte-to-satellite tracking 
but this time we will have the Apollc spacecraft tracked from the ATS-F, 



so we will have a high satellite tracking a low satellite. After the 
docking Mission is completed, «e will disengage, or undock, with the docking 
wodole being disengaged fna the rn<— nit nodule to allow the Aid to separate 
This will enable satellite* to* sate Hite tracking between two low-orb i ting 
satellites • to be done in noiaon with ATS-F high-low tracking* The 
combination of high-low as wall «s low-low tracking, wa feel will give us 
ea awful lot of very good gravity field data. Unfortunately, it will be a 
short duration mission but wa feel that it will give us good design criteria 
bard information, for the final designs of C80 PAUSE, as well as better 
handle on some of the theories that exist today. Finally, when the shuttle 
c o n es along, I thlak we will be reedy to nuke mmrtnMm utilization of it for 
the applications that we will be discussing these three days here at the 
syaposlun. 

1 did bring along uhat 1 think is nary new data. Figure 3 shows a geo id 
■ode l nap of the earth. This one happens to be the Goddard Space Flight 
Center GLH-6 aodel of Che geo id. Superimposed on this is the ground track 
of the Sky lab pass number 49. During this pass amber 49 we turned on Che 
altimeter which was flying aboard the Sky lab and, in essence, we have a 
complete altimetry map of the oceans for the complete Sky lab pass. When 
these data were taken, we did not turn the altimeter on and let it run 
continually but turned it on for a while and then turned it off. 1 should 
point out that Che results shown here in Figure 4 are quick look data. They 
have not been refined as yet, and, therefore, are subject to some modifi- 
cations, but this is the geoid based on the CEM-6 aodel (shows as the solid 
line in Figure 4), and the altimetry data obtained on pass 49 starting over 
the Southern Atlantic proceeding just off the tip of Africa, to South of 
gee Guinea, across the Pacific, then across U.S. and over Che Caribbean. 

I think you will see, as 1 do, that particularly for quick look data, 
without any processing to remove potential system bias errors, that it is 
a rather r markable set of data and, to my knowledge, this is the first 
time that we have In fact obtained, on a global scale, verification of the 
ocean geoid. 1 bring this up because 1 think we arc really, as 1 said 
earlier, in the transition phase from science to applications. We at M&SA 
have some new tools to bring to bear, new technologies to offer which can 
be used in conjunction with analytical techniques and experimental verifi- 
cations to generate the type of data that will be discussed here at this 
symposium. I believe that, by working together, the processes required to 
utilize this data operationally will be developed. So, I think we can 
expect a lot from this symposium and a lot from you ladies and gentlemen 
in this field in the coming years. Thank you very such. 



Ficra i. EARTH AND OCEAN PHYSICS APPLICATIONS PROGRAM COPAP) OBJECTIVES 


• DEVELOPMENT AND VALIDATION OF METHODS OF OBSERVING THE EARTH'S DYNAMICAL 
MOTIONS USING SPACE TECHNIQUES TO MAKE UNIQUE CONTRIBUTIONS TO TIC 
KNOWLEDGE OF EARTHQUAKE MECHANISMS AND THE DEVELOPMENT OF EARTHQUAKE 
PREDICTION APPRQAOCS. 

• DEVELOPMENT AND VALIDATION OF MEANS Kffi PREDICTING TIC GEM&AL OCEAN 
CIRCULATION. SURFACE CURRENTS. AND I .« TRANSPORT OF MASS. HEAT. 

AND NUTRIENTS. 

• DEVELOPMENT AND VALIDATION OF METHODS FOR SYNOPTIC MONITORING t ' ® 
PREDICTING OF TRANSIENT SURFACE PHENOMENA, INCLUDING iTC MAGNITUDES 
AND COGRAPH ICAL DISTRIBUTIONS OF SEA STATE. STORM SURGES. SNELL 
SURFACE WINDS, ETC.. WITH EMPHASIS ON IDENTIFYING EXISTING AND 
POTENTIAL HAZARDS. 

• REF INEMENT OF THE GLOBAL GEOID. EXTENSION OF GEODETIC CONTROL TO 
INACCESSIBLE AREAS INCLUDING THE OCEAN FLOORS. AND IMPROVEMENT OF 
KNOWLEDGE OF THE GEOMAGNETIC FKLD FOR MAPPING AND GEOPHYSICAL 
APPLICATIONS. TO SATISFY STATED USER REQUIREMENTS. 
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Figure 2. EARTH AMD OCEAN PHYSICS APPLICATIONS PROGRAM (EOPAP) AND 
RELATED ACTIVITIES 
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Figure 4. ALTIMETER GEOID USING S-BAND ORBIT 
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ECONOMIC ASPECTS OF MARINE GEODESY 
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ABSTRACT 

The growth in world population and industrial output is 
rapidly increasing the demands for the use of the ocean as a 
transportation medium, source of raw materials and recreation 
facilities. Orderly and efficient use of the ocean requires a 
thorough knowledge of the ocean, and it is one of the tasks of 
marine geodesy to provide this knowledge. The purpose of this 
paper is to provide an analytical framework for dealing with 
the economic aspects of marine geodesy. Part I of the paper 
develops the concept of economic efficiency. Part II con- 
structs a hypothetical market for the information provided by 
marine geodesy, and examines how this market might work without 
government intervention. Part III examines the rationale for 
government participation in the provision of information about 
the ocean. 


EFFICIENCY IN THE ALLOCATION OF MARINE INFORMATION 

This paper deals with the economic aspects of information 
about the physical characteristics of the ocean, information 
supplied by natural sciences like marine geodesy. The growth 
in the demand for this type of information coses from two 
interrelated developments: (1) the rapid expansion in the 

commercial exploitation of the ocean and (2) the response of 
governmental regulation to the increasing use of the ocean. 

The growth in the commercial and Industrial uses of the 
ocean can be illustrated in many ways. A list of some of the 
ocean-related commercial activities is revealing: mining of 

oil, gas, sand, gravel, and the potential mining of manganese 
modules and other minerals; recreation in different forms of 
swimming, boating, and fishing; commercial fishing by many 
methods; ocean dumping; and many different types of transpor- 
tation. 2 The above increase in the uses of ocean resources has 
occurred in part because of the rising relative prices of land- 
based substitutes. In addition, we have witnessed increased 
use of the ocean for the purposes of national defense and re- 
search and development. 

It is widely recognized that the ocean and its resources 
are common property resources; because of their physical and 
biological characteristics, they cannot be privately controlled 
and so their ownership is vested in the community at large. 
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Consider , for example, the problems inherent in defining 
ownership rights to a fishery resource such as the tuna. Only 
with the recent dramatic increase in the use of the ocean has 
the absence of private ownership created conflicts. Govern- 
ments at the national and international level are now engaged 
in defining more clearly the particular community to which re- 
source rights properly belong. An example is the 200 mile 
limit controversy. It is both the increasing use of the ocean 
by private concerns and the concomitant increasing govern- 
mental regulations of the use of the ocean which has lead 
directly to the economic importance of marine geodesy. 

The purpose of this paper is to examine the basic economic 
aspects of marine geodesy. Administrators and scientists are 
constantly making decisions concerning the allocation of re- 
search effort in marine geodesy. For example, some general 
issues that must be faced are: What types of technological 

advances should be sought? What part of the ocean should be 
charted? How much of the ocean should be charted and in what 
detail? These are economic decisions in part because they 
involve the allocation of scarce resources (research funds and 
personnel) among competing uses (research projects) . And in- 
creasingly, as the Office of Management and the Budget makes 
decisions using benefit-cost considerations, the allocation of 
research funds in marine geodesy and other marine-related dis- 
ciplines will have to be justified. An economic discussion 
of marine geodesy can therefore be useful in choosing among 
alternative research projects. 

I. CRITERIA FOR ECONOMIC EFFICIENCY 

Economic tools, if usefully applied to the development of 
marine resources, can provide efficient methods of exploiting 
marine resources. An efficient allocation of resources, in 
the economist’s jargon, is one such that there is no possible 
rellocation of those resources which could increase the net 
output of the economy. For example, a petroleum refinery is 
said to be operating efficiently if it is not possible to 
produce more refined products with the same men, machines, and 
raw materials and the same technology. Another way of stating 
that an allocation is efficient is that it maximizes the dif- 
ference between total benefits and total costs for any given 
project. 

Efficiency is of course only a model with which real 
situations can be compared. Under circumstances where owner- 
ship rights are clearly defined, markets function well, bene- 
fits accrue only to consumers, and costs only to producers, 
resources are considered to be allocated efficiently by the 
private sector of our economy. 

However, there are conditions when the private sector's 
allocation of resources will not be efficient. Resources are 
allocated inefficiently in the private sector if any of the 
following condJ -ions hold: 

1) ownership of resources is not clearly defined; 

2) markets do not function competitively; 

3) the benefits gained by a consumer of a good 
differ from benefits gained by society; 

4) the costs to society of producing the good are 
different from the costs to the producer. 

If resources are allocated inef f iciently by the private sector 
for any of the above reasons, there is a prima facie justifi- 
cation for government intervention in the economy. 

There are many examples of government intervention in 
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marine resource development on the grounds that the private 
sector operates inefficiently. In the exploitation of 
fisheries, when ownership of the exloited resource, the fish 
stock, is not clearly defined, there are many schemes for 
government regulation. 3 Another example is the use of coastal 
waters for waste disposal by private firms, which imposes 
costs on society that the firms themselves do not suffer. 

Such firms are being increasingly regulated. 

One of the aims of this paper is to consider the appro- 
priate mix of governmental and private enterprise which pro- 
duces the efficient level of information about marine geodesy. 
A framework for the analysis of the efficiency of informa- 
tional systems can be derived. Such a framework, when com- 
bined with data, can aid in the economic evaluation of parti- 
cular projects as well as guide the efficient exploration of 
the oceans. 

Economists derive criteria for economic efficiency by the 
study of the private profit-seeking economy. It is therefore 
fruitful to consider the enterprise of studying marine geodesy 
as though it were an industry. It is a useful fiction because 
it will enable us to analyze the production and use of the 
"output" of marine geodesy in a familiar framework. If we 
consider marine geodesy an industry, then it seems logical to 
let information from geodesy be the"output." Information, of 
course, can come in many forms: specific knowledge of the 

particular areas of the ocean, new technological devices such 
as types of radio signals, or new concepts. In general, the 
information provided us by the study of marine geodesy has 
economic value because it reduces the uncertainty of success 
of many ventures. The process by which information reduces 
uncertainty will be discussed more fully below. 

II. INFORMATION ABOUT THE OCEAN: DEMAND AND SUPPLY 

The demand for marine geodesy is provided by three sets 
of institutions: (1) industrial corporations, such as petro- 

leum and shipping companies; (2) scientific bodies, such as 
universities or private research groups like the Battelle 
Institute; and (3) government agencies, such as the Department 
of Defense. These groups of institutions want information on 
the ocean ultimately for different reasons, but the informa- 
tion they want may be the same. 4 

In the case of industrial concerns, it is easy to con- 
ceptualize (though difficult to measure) the market value of 
information about the ocean. Reductions in uncertainty result 
in profits for the firm. Under certain conditions, the in- 
creases in profits are a measure of the net benefits from the 
information. For corporation, we may think of two types of 
information: 4 

1) information reducing the uncertainty concerning 
technological future of the company, i.e., what 
are its endowments and productive capabilities. 

2) information reducing the uncertainty surrounding 
the market for its products. Such information 
would increase the firm's ability to predict its 
future prices and the future behavior of its 
competitors . 

.n the context of this paper, we are concerned only with 
the fi-st kind of information — marine geodesy produces infor- 
mation >>'iich reduces uncertainty about the technological 
environment of the firm. For example, a better charting of 
the oceat. reduces the number of shipwrecks, lowering the costs 
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of insurance. Information on the structure of the ocean floor 
decreases the uncertainty that extractive companies have con- 
cerning the profitability of exploiting the floor. Informa- 
tion on the structure of the ocean floor aids the firm in two 
ways: (1) it gives the firm some indication about whether the 

mineral the firm seeks exists there; and (2) it indicates to 
the firm something about the costs of extracting the material. 
More specific examples could be given. In each case, we could 
see that the industrial concern would be willing to pay for 
information derived from the study of marine geodesy because 
it enables the firm to calculate the expected returns from a 
given investment. 

Scientific concerns have an interest in obtaining infor- 
mation about marine geodesy because they use the information 
as an input for further investigation. The results of further 
investigation can be of commercial interest to private cor- 
portations marketing the output of the ocean, or they can be 
simply desired for their own sake, i.e., pure research as an 
end activity itself. To illustrate, information to a scien- 
tific concern may come in the form of mechanical innovation 
which increases the accuracy of the description of the ocean 
floor. A scientific concern would value this innovation be- 
cause (1) it would permit scientists to describe more ac- 
curately the floor in a given location, thus decreasing the un- 
certainty about the exploitation of that location (for example, 
it would permit more accurate estimates of constructing oil 
and gas pipelines); (2) it would give scientists better insight 
into the overall structure of the geo id. 

Government demand for the information from marine geodesy 
comes from several different sources. It is an important input 
in providing national defense, though it is exceedingly diffi- 
cult to place an economic value on national defense. Govern- 
ment can also use information in dealing with issues such as 
the controversy surrounding the 200 mile limit. Positioning 
and relocation will be very important in this controversy, 
particularly when the potential boundary crosses an oil field. 
Even when countries agree in principle on the location of 
boundaries, measurements must be sufficiently accurate to pre- 
vent disputes over the ownership of specific points. Also, 
assigning liabilities for pollution outfalls entails the 
ability to locate the results of pollution accurately. All 
the above indicate why the government values the information 
provided by marine geodesy. 

On the supply side of the model, we have two institutions, 
private firms and government, providing information. Govern- 
ment information is generally provided at a zero or nominal 
price, while private industry generally attempts to supply in- 
formation approximately at the cost of producing it. In addi- 
tion, these institutions purchase the services of research 
concerns. The structure of the supply side of marine geodesy 
information market is appropriately outlined as follows: 

Institutions providing information about marine geodesy 

1. government agencies 

a. directly, through in-house research 

b. indirectly f by contract to research 
concerns 

2. private concerns 

a. through in-house research 

b. by contract to other research concerns 
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III. MARINE GEODESY: AN EFFICIENT ALLOCATION OF RESOURCES 

As it exists, our current system of producing information 
about marine geodesy features significant subsidies by the 
federal government. Therefore, individual researchers, in and 
out of government, need not consider whether a particular re- 
search result will be profitable to them. Researchers do not 
even need to consider whether the information they produce 
would be saleable (although it often is). In effect, we have 
a system whereby information is a free good, except for the 
transactions costs inherent in obtaining the information. 

We can compare our current system with a system involving 
no government subsidies to gain an idea of the efficiency of 
such an allocation, and hence a justification for government's 
role in subsidizing research. With no government subsidies, 
private industry would supply most of our information about 
the ocean. In private industry, each research proposal would 
be subjected to the screening question, "Can the information 
produced by this research project be sold to interested par- 
ties for a price sufficiently high to cover the costB of pro- 
ducing the information?" Under those circumstances, with no 
government participation on the supply side, some information 
would be produced. From an economist's point of view, would 
it be the best amount (when best means most efficient)? The 
answer is no, the free market allocation of resources to the 
production of information about marine geodesy is not likely 
to be efficient. 

The basic cause of inefficiency in the market allocation 
of information is that the producer cannot appropriate all of 
the benefits to himself, because he cannot prevent re-use of 
the information. Information can have externalities, or bene- 
fits which accrue to parties other than those directly en- 
gaged in the transaction. For example, suppose a private re- 
search corporation undertook a research project to chart a 
particular small portion of the ocean, with a view toward 
selling the chart to a shipping company. The research company 
could be assured only of reaping the benefits from the s; le 
to the shipping company, although the chart could benefit all 
users of the ocean in the area in question. The information 
might be valued by scientists and Defense Department officials, 
but no market exists for its sale. In short, total social 
benefits exceed the private returns to the research concern 
fcr the sale of the chart. From the public's point of view 
engaging in a research project may be an efficient allocation 
of resources, even thougl. a private concern might find that its 
costs for undertaking the project exceeded the appropriable 
returns. 

Hence we have in essence the justification for government 
subsidy of production of information in marine geodesy. Many 
projects with total benefits exceeding total costs will not be 
undertaken in the private sector because some of the benefits, 
in the form of spillovers or externalities, cannot be captured 
by producers of information. Thus we have government subsi- 
dies for producing information as part of a program for effi- 
cient allocation of resources. 

IV. LEASING POLICIES FOR OFFSHORE PETROLEUM 5 

For purposes of illustration, it is useful to consider 
the problem of the appropriate government policy towards 
leasing of offshore petroleum sites. Many are aware of the 
preparations now under way in the development of the Georges 
Bank field, off the coast of New England. Although no one 
knows for sure there is speculation that the Georges Bank 
field may be a prolific petroleum area. 
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It Is obvious that in the bidding for leases, physical 
information about the ocean is extremely important. If the 
oil and gas are to be piped to shore, the floor must be well 
charted. And naturally Georges Bank must be well charted. 
Clearly, there is a tremendous bank of information, much of 
it geodetic, that the petroleum companies use in preparing 
their bids. 

We can imagine two basic approaches by governmental 
agencies (specifically the Bureau of Land Management) towards 
gathering information about Georges Bank. On the one hand, 
government could let each firm interested in the bidding 
gather its own information. On the other hand, the government 
could compile all relevant data concerning Georges Bank (geo- 
logic, geodetic, and other) and make it available to all 
interested bidders. Which system would be more efficient, in 
the sense that it provides the same information at minimum 
costs? 

It seems clear that if the information gathering on 
Georges Bank is left to the market as it currently exists, it 
will be inefficient. There are no mechanisms for the private 
exchange of information. Hence, when one firm gathers infor- 
mation, it can not sell it to another, even though both would 
willingly participate in such an exchange. Each firm would 
have to do its own exploring, and it seems quite likely that 
the same information could be gathered more cheaply by govern- 
ment provision. Gathering information for bids on Georges 
Bank seems clearly to be an activity which produces benefits 
in excess of the benefits enjoyed by the firm which gets the 
information. Hence it seems appropriate to consider some form 
of government regulation. 

CONCLUSION 

This paper has applied the tools of economics to an ex- 
amination of marine geodesy. We have developed the idea that 
it is in the interests of economic efficiency to have govern- 
ment participate in the supplying of marine geodesy research. 
This paper has necessarily been an initial look at the general 
problem of the allocation of research effort. It is an in- 
teresting economic problem in general, and researchers and 
administrators have many specific problems to solve in parti- 
cular, so that it seems a fruitful area for applied research. 

FOOTNOTES 

1. This paper is offered without any pretenses of expertise 
in Marine Geodesy. Basic sources on marine geodesy used in 
the preparation of this paper are proceedings of the First 
Symposium on Marine Geodesy (7) and Marine Geodesy - A Pr ac- 
tical View (Sj ^ 


2. Statistics on the use of ocean resources are not collected 
in any uniform way. A useful source of data concerning energy 
in Hash et al.. Energy Under the Oceans (4). Fisheries data 

is availaEle from the Bureau of Commercial Fisheries. Little 
is known of the total recreational use of the ocean. 

3. International schemes for the efficient use of fisheries 
have attempted to Bet quotas for each nation. Quotas have 
been particularly controversial and difficult to enforce. 

4. Information theory is a relatively new and promising area 
in economics. A good introduction can be found in Hirschleifer 
(3) . 


5. 


Economists are giving increasing attention to leasing and 
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the development of offshore petroleum. The economic problem of 
exploratory drilling is the subject of a paper by Peterson (6). 
Grigalunas (2) has examined the likely impact of the develop- 
ment of Georges Bank on New England. The study by the Council 
of Environmental Quality (1) will give a detailed evaluation 
of Atlantic OCS petroleum. 
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ABSTRACT 


Ocean scientists are concerned with geodetic positioning 
at sea in three different areas: The inherent requirements of 

the science they are doing; the legal requirements surrounding 
science at sea; and as a special case of safety and prudent 
navigation. The requirements of ocean science vary widely, from 
the order of tens of meters to kilometers. Repetition rate of 
fixing is also highly variable. A relatively new concern is the 
legal aspects; what was formerly a free high seas is likely to 
become strictly nationalized and often privately owned. Ocean- 
ographers will need to be able to know geodetic positions to 
respond to these new requirements in carrying out their work. 
Finally, since most scientists are not seamen, special attention 
must be given to prudent and safe scientific operations. Due 
to unfamiliarity and enthusiasm, work can be endangered or put 
in legal jeopardy. There are several distinct problems related 
to geodesy which concern the ocean scientist: Absolute posi- 

tioning; relative positioning; navigation; tracking; and recov- 
ery. Varying amounts of progress have been made in all these 
fields, but in each one considerable is left to do to provide 
the oceanographer with reliable, precise and reasonably-priced 
data. 


The title of this piper is vague, and deliberately so, 
since I will touch briefly on the needs in general, of ocean- 
ographers at sea, both for the present and the future. Some of 
these needs are being discussed in greater detail by other 
speakers at this symposium, but some are not -- perhaps because 
the solutions to them are far from obviouB. 


The needs of ocean scientists for geodetic information at 
sea fall into several categories, with widely varying ranges of 
needs as far as accuracy, frequency, and methodology are con- 
cerned. Slicing the pie in one direction, one can divide their 
needs as follows: 

— the demands of science, per se 

— the legal requirements 

— the requirements for safety and prudent 
navigation 


In the first category, the needs of science 
racy requirements can range from extremely loose 


itself, accu- 
to 
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extremely tight. On the one hand, many biological and chemical 
studies can get by with positioning accuracy even lesB than that 
needed for ordinary navigation. This is the case when one is 
investigating properties or phenomena which are of a broad 
homogeneous nature. If measurements are being made of the trace 
elements in sea water, for example, and these are homogeneous 
over rather large areas, then a scientific need for precise po- 
sition location does not exist. If one is studying animal or 
plant populations which are scattered with little variation over 
broad areas, again even the most general knowledge of the ship's 
position is more than adequate. Many of these phenomena vary 
far more with depth, or with time, than they do with latitude 
and longitude, so those factors are the controlling ones rather 
than horizontal measurements. 

On the other hand, many oceanic research projects require 
very tight accuracies. This is particularly true in the case 
of geological and physical investigations. Much of geological 
oceanography is hard to distinguish from straight bathymetric 
charting — and I will avoid the semantic hang-up concerning 
what is "research" and what is “surveys". Perhaps the old saw, 
that "If it's useful, it's a survey; if it's useless, it's re- 
search” is as good as any. Gathering data in pursuit of a 
scientific hypothesis in research is often indistinguishable 
from what many of us would call surveys, and in any case, fre- 
quently grades into a problem-oriented mode as the research pro- 
gresses. 

In any event, doing good bathymetry demands positioning 
accuracies which are rather well-known and accepted. They are 
a function of the scale, precision of depth determination, data 
density, and other factors, but in any case, accuracy require- 
ments range from moderate to very tight. It is indeed surpris- 
ing, though how many reputable geological oceanographers do not 
recognize this fact, or at least do not give it adequate atten- 
tion. It is appalling to consider how much ship-time and man- 
years have been absolutely wasted in the last twenty-five years 
in quasi-scientific bathymetric surveys. All too frequently, 
because of inadequate positioning, the results are not even in- 
ternally consistent, much less of a quality that can be fitted 
with other data into a coherent composite picture. 

At worst, such floating data are not only useless, but 
actually damaging and misleading. To take a single example, 
because of inconsistent bathymetric data a submarine canyon, 
complete with name — Alaminos Canyon — was for years on the 
charts of the northwestern Gulf of Mexico. Recent studies have 
shown that the area is far more complex bathymetrically; a 
series of hills, ridges, basins, and valleys, which were erro- 
neously forced into the format of a submarine canyon. 

In the investigation of the materials and structure of the 
sea-bed, also, precision is needed if a true picture is to be 
obtained. Here, as in many of these marine problems, one can 
draw a parallel with their land equivalents. Making a geologi- 
cal or qeophysicul map on land requires certain well-known 
standards; should we settle for less, out in the open ocean? 
These problems are being faced up to, I think, rather better by 
scientists and engineers in industry than the academic scien- 
tists. When one is considering a commitment to drill an off- 
shore oil well, at costs in the range of tens of millions of 
dollars, or dredging for phosphorite or manganese nodules at a 
tremendous investment, there is very little margin for error. 

Yr t all too often the marine geologist will dredge or core 
or run eophysical lines at sea, doing a fine job of it except 
for the lack of positioning accuracy. In the early days of 
marine geology, this led to some startling conclusions; 
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according to some reports, the entire Paci r Ocoan was blank- 
eted with manganese nodules. Maybe it is, the precision 
customarily associated with a land geologic*. survey was often 
lacking, and some doubt persists. I am reminu d of the old 
story of the pocket kingdom, with a smallish army, which would 
march its few soldiers round and round the castle, to give the 
impression of a large fighting force. Is it possible that we 
were counting the same nodules over and over again? Only by the 
use of adequate positioning accuracies can we determine the true 
extent of sea-bed resources, and I am encouraged to see that 
another section at this symposium is discussing this topic. 

In much of physical oceanography, too, positioning is 
critical. The tracking of current floats; the location of the 
margins of water bodies; the investigation of localized pnenom- 
ena such as upwelling, all require rather tight horizontal con- 
trol to be meaningful. 

The frequency with which accurate positions are needed also 
varies considerably. In the case of single-point, one-shot sta- 
tions, a single fix may do the job. For most moving operations, 
however, one would optimally desire continuous precision, or at 
least a repetition rate sufficient to allow adequately precise 
interpolations between fixes. This is why satellite navigation, 
even with its high precision at any particular fix, is not suit- 
able by itself for most oceanographic research operations. A 
fix interval of roughly an hour is too long for many large-scale 
investigations. 

To summarize the scientific requirements, they are extreme- 
ly variable in regard to accuracy, frequency, and method. It 
is entirely likely that other requirements for precise position- 
ing at sea will be more demanding than the intrinsic needs of 
the science being done there. 

Turning next to the legal requirements which ocean scien- 
tists (and o*h#»r«) face, we have an entirely different set of 
problems. History amply demonst.a' es that the face of the 
earf'.i has been progressively divided up just as soon as it be- 
came worth something; as soon as it became economically and, 
therefore, politically desirable. First, national areas of 
sovereignty are established; these are subdivided into the jur- 
isdiction of smaller political units, and (ordinarily) into in- 
dividual ownership. As a result of this evolution of ownership, 
there are now only two areas on the globe’s surface which re- 
main unassigned: the Antarctic and the sea. If something of 

value were discovered in the Antarctic, I suspect that its in- 
ternationality would go down the drain overnight. 

In the ocean, we are already seeing the evolutionary pro- 
cess of jurisdiction in a rapidly-accelerating fashion. The 
continental shelf areas are either proven or highly-1 ikely re- 
source areas for both living and non-living resources, in addi- 
tion to their historical significance and importance to shipping, 
warfare, and recreational usages. In line with this growing 
awareness of value, nations have already begun to extend the 
limits of their jurisdiction out onto the shelves and into the 
ocean. Traditional national seaward limits of three miles have 
been progressively stretched to twelve, 60, and even 200 miles. 

It seems entirely likely that this trend will continue; 1 
for one fully expect to sec the demise of the concept of ”Free- 
dom of the Seas" within the next very few years. The only real 
question to be resolved is how this will be accomplished; what 
the administrati /e machinery will be. An earlier international 
convention has already given the coastal states the right to 
control and exploit the seabed off their coasts to a depth of 
200 meters (essentially, the edge of the continental shelf), 
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and, as far beyond that as they have the capability of exploit- 
ing the ocean floor. While this is ambiguous at best, and stu- 
pefying if interpreted literally, it is indicative of the trend. 
We are in for more extension of national lines of jurisdiction, 
rather than less. 

A group of international experts will meet this summer in 
South America to have a cut at the problem, and try to shape up 
some kind of administrative scheme that can be made to work. 
Regardless of what they come up with, ocean scientists are faced 
right now with problems involving geodetic positioning at a in 
this connection — of knowing when they are within the legal 
boundaries of a coastal state. 

This is not an academic matter, in more ways than one; most 
scientists know little about international law and politics and 
the economic and social and military forces that drive them; and 
it is definitely not academic, since it is something that we 
must live with almost every research cruise; we must get per- 
mission from the coastal state to work near it, and must also 
know when we are indeed within its jurisdiction. Most states, 
by the way, are being very sticky about these things; requests 
for permission to conduct research in coastal waters must be 
submitted months in advance, and permission to work there al- 
most always involves conditions ^uch as sharing data and taking 
local scientists aboard. 

I am not at all sure about how to handle this sort of legal 
positioning problem. It does not seem too practical to think of 
the dry-land equivalents of fences and marker?; yet we must come 
to something of this kind of thing sooner or later. Scientists 
may be able to live with some looseness and ambiguity; but when 
the chips are down, as in the case of commercial minerals and 
fish, the least one can ask for is precision of positioning 
(both for the property lines and for the scientists or commer- 
cial operators) adequate to cope with utential cases at law. 

Oceanographers in general, by the way, are fighting a des- 
perate and doubtless losing rear-guard action to try to maintain 
freedom of the seas. Most of the developing countries involved 
in the exploitation of the seas off their coasts simply do not 
understand the concept of basic research; they regard the scien- 
tist as a harbinger of commercial fishing fleets and offshore 
drilling rigs. Unfortunately, while the link between university 
scientist and commercial venture is not often a strong and di- 
rect one, the basic premise is correct: Research customarily 

draws economic exploitation after it. Oceanographers, 1 am 
afraid, are going to be dragged kicking and screaming, into the 
coming system, and it may be a traumatic experience. 

The final need for ocean scientists is a special case of 
the general requirement for positioning as a matter of safe 
navigation and prudent ship operations. I will not go into the 
general need; it is reasonably well known. What makes the case 
of scientists special is that they are for the most part not 
mariners. It may sound paradoxical to say that a man may bo 
an excellent ocean scientist and at the same time be a poor 
sailor, »:ut that is nv thesis. Scientists are, with few excep- 
tions, passengers; '»e.'r training has not been in maritime af- 
fairs. Science is thei" first love and their driving force. It 
is all too tempting for them to try things that no prudem. sea- 
man would consider. They have a long history tco of pressuring 
ckippers to do unwise things; often ships personnel will 
along against their better judgment because they are persuau^d 
that the science involved justifies the hazard. 

This involves positioning in many aspects. One is the 
possible infringement on national jurisdictions noted above; a 
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scientist Might be prone to run close to the boundary, while a 
professional seaman would give it a prudently wide berth. As 
another case, the use of special equipment, such as research 
suboersibles, nay be operated in a marginally safe way due to 
carelessness or lack of knowledge about the criticality of po- 
sitioning. In any case, ocean researchers will need mor& rather 
than less, of this sort of information and assistance. 

Let me turn finally to a statistical summary of the kinds 
of specific problems ocean scientists face, and the state of the 
art for coping with each. 

The question of positioning is often poorly understood by 
oceanographers, due to the confusion of "navigation", "position- 
ing", "tracking" and "recovery". The oceanographer, however, is 
involved in all of them to some extent. 

Absolute Positioning , in the classic geodetic sense, in- 
volve s^~the~TdenFT7IcaFIon of a point in reference to geodetic 
coordinates of latitude, longitude, and mean sea level (or other 
vertical reference datura). In practice on land, this involves 
the establishment of a grid of a relatively few primary geodet- 
ic positions, whose location is determined to very great accura- 
cy — decimals of meter and better. Based on this high-preci- 
sion grid are a multitude of secondary grids and offshoots, 
whose accuracy is of the order of a meter. Other detail, such 
as that shown on a topographic chart, is hung around these pri- 
mary and secondary frameworks and is of accuracies of tens of 
meters. All primary and many secondary and tertiary points on 
land are carefully and permanently marked on the ground, so that 
one can recover them and use them as starting points for further 
surveys . 

Following also from these precision grids are the legal 
surveys which delimit the land itself; establish its ownership, 
and that of other rights, such as minerals; mark state and na- 
tional boundaries; lay out highways and railroads and pipelines 
and other developments. 

Unfortunately, few of these exist at sea at the present, 
and a discussion of precise surveys, geodetic points, or legal 
boundaries there does not at this moment carry the same practi- 
cal meaning as it does on land. Further, I am not aware of any 
method to achieve the same accuracy, density, and marking of 
points at sea as is available on land. One might conceivably 
improve existing electronic positioning equipment so that the 
required accuracy could be obtained at the sea surface; but we 
are then faced with the problem of permanent marking of the po- 
sition. The sea-bed is the only truly permanent place to put 
markers, and the gap between the sea surface and sea floor has 
proven impossible to bridge, in the sense of transference of 
geodetic accuracies. 

In view of these problems, activities requiring accuracy at 
sea have often gone to a system of relative , rather than abso - 
lute , positioning. If one needs reasonably good accuracy within 
a rather small area, it is possible to establish and mark a 
local datum. This can be actual markers, such as acoustic bea- 
cons, or the like, whose geodetic position is only known approx- 
imately. Positions of objects can be fixed relative to this lo- 
cal datum with fair accuracy, usually of the order of ir. ers or 
tens of meters. Of course this has no accurate relatioi .ip to 
a world-wide geodetic datum, and twe or more local datv? «. will 
not necessarily match up with each other. Rel- .fve pos ; oning 
may meet the needs of small, local investigate nt* when .^cise 
latitude and longitude is not important; but it will b* insuffi- 
cient for establishing such things as boundaries of njoions, or 
of mineral leases. 
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Navigation is simply fixing the position of a vessel or 
other moving object. It can range from relatively high-preci- 
sion, such as satellite navigation, Loran C, and some other 
electronic positioning systems, down to dead reckoning or plain 
guessing. Accuracy at best is of the order of tens of meters, 
and at worst in tens of kilometers. At present, these systems 
are largely limited to use on the ocean* s surface, and not read- 
ily transferable to the sea bed. Frequency of position-fixing 
is also involved; the satellite navigation system produces good 
accuracy, but only provides it every hour or so, which for most 
survey purposes leaves a lot to be desired. 

Tracking is but a special case of relative positioning, in 
which one vehicle or fixed station keeps track of another ve- 
hicle. A typical oceanographic case is that in which a surface 
vessel acoustically tracks a research submarine. In tracking, 
since the tracking vessel is using (ordinarily) routine navi- 
gation to position itself, then it necessarily follows that the 
plot kjI the object beinj tracked is of considerably less pre- 
cision — a chain of progressively weak links. 

Recovery (or repeatability) is another special case of rel- 
ative positioning, in which the object is to simply return to a 
given point repeatedly, regardless of the absolute location of 
the homing object, or the object being homed on. This is par- 
ticularly applicable in such cases as homing on oil field well- 
heads, or finding a distressed submarine. Obviously accuracy 
is either perfect or non-existent — either you succeed or you 
don't -- so speculation as to precision is meaningless. Using 
acoustic methods, good success can be had with simple recovery 
problems in most cases. 

I have tried to emphasize in the foregoing that from the 
point of view of the oceanographer, the positioning of things at 
sea, in whichever of the several contexts one wants to consider, 
is a severe and in many cases unsolved problem. We have made 
progress in the field of short-range, small area relative po- 
sitioning, and in recovery. But in the true meaning of posi- 
tioning, and in the transference of positions to the field of a 
sounding cone, or to the end of a wire strung with instr ents, 
we still have a long way to go. Finally, the determine on, 
marking, and recovery of accurate geodetic positions at sea, in 
the legal sense used by land geodesists, simply does not exist. 
We oceanographers are customers, and not specialists in this 
field, and hope that soon there will be reliable, precise, and 
cheap methods available to provide the information we need. 
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REQUIREMENTS AND APPLICATIONS OF MARINE GEODESY AND 
SATELLITE TECHNOLOGY TO OPERATIONS IN THE OCEANS 


A. G. Mourad and D. M. J. Fubara 
Bat telle, Columbus Laboratories 


ABSTRACT 

This paper explores what marine geodesy has to offer* and its practical 
relevancy to various operations in the oceans. On the basis of several 
previous studies, desirable accuracy and precision are assessed for the 
various operations. Marine geodesy tools and techniques — and the satellite 
technology and classical systems required to implement these techniques-* 
are discussed. Finally, it is shown that the practical applications of 
marine geodesy to operations in the oceans have many unanswered challenge.! 
that merit immediate action in view of the many practical and scientific 
needs for what marine geodesy has to offer. 


INTRODUCTION 

Marine geodesy is the branch of geodesy for determination of marine 
geographic positions, geodetic controls, and the geold (the equlpotential 
surface that can be approximated with mean sea level). Determination of 
these parameters is not an end in itself but a means to solving various 
practical problems in man's inevitable activities in the oceans, such as 
engineering surveying for mapping and charting, resources exploration, test 
rauge and ground truth establishment, oceanographic and other earth and 
ocean physics applications research, and some basic scientific objectives 
of geodesy and geophysics. 

The accomplishment of marine geodesy objectives requires unique tools 
and techniques and special adaptation of proven geodetic systems such as 
satellite technology, electronic distance measurement (EDM), geodetic 
astronomy, gravimetric geodesy and the potentially usable very long baseline 
interferometry (VLBI). Tht uses of these various options are discussed 
briefly. Each of the marine geodesy determinations and its practical and 
scientific applications have different accuracy and/or precision require- 
ments which are assessed in the paper, based on the results of several 
studies and publications. The assessed accuracy/precision requirements are 
not errorless estimates. They are greatly influenced by accuracy/precision 
limitations of existing systems and techniques as well as cost-benefit 
considerations without compromising safety in marine operations. 

In order to achieve the various marine geodesy objectives and their 
practical/scientific applications, there are many unanswered challenges 
which the paper lists. It is concluded these objectives and applications 
are necessary for man's successful but nondestructive and systematic 
exploitation of the oceans-’safely and with a minimum of boundary rights' 
conflicts. The exploitation of the oceans is, of course, an undeniable 
necessity. 
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MARINE GEODESY RELEVANCY AMD ACCURACY REQUIREMENTS 

Figure l is a suosary of marine geodesy objectives and the various 
practical and scientific applications in the oceans to which these 
objectives are relevant. Table 1 shows the degree of relevancy of marine 
geodesy (determination of geographic positions, geodetic controls, and the 
geoid) to the stated practical and scientific applications areas. Detailed 
discussions on these issues are in References (7], l 13), and 118]. 

First, it is necessary to point out the interdependency between deter- 
mination of the geoid and establishment of geodetic controls and positions. 
The geoid is required for definition of the figure of the earth and the 
reference surface for geodetic computations, the reduction of geodetic 
measurements , and a reference datum for height measurements (8]. It defines 
a model of the earth's gravity field required for orbit computation which is 
necessary for the use of satellite technology for establishment of geodetic 
controls and positions. The earth’s gravity model or geoid is needed for 
improved efficiency of inertial navigation systems, and also in several 
national defense roles. The oceanographic need to interpret sea surface 
departures from an equipotential surface requires highly accurate determina- 
tion of the geoid. Several geophysical phenomena that urgently need to be 
fully understood, e.g., plate tectonics, have strong correlation with 
geo Ida 1 variations and therefore, require the determination of the geoid. 
Details of the various applications of the geoid are given in References 
[8] and l 9]. It is further shown that determination, with high accuracy 
(very short wavelength through the long wavelength), of the geoid from 
satellite altimetry is potentially adaptable to synthesis of gravity 
anomalies which are needed for various purposes, including geophysical 
prospecting. 

The role of the geoid in systems and techniques for establishing 
geodetic controls and surface positions has been specified. Determination 
of marine geodetic controls and/or surface positions is required for mapping, 
charting, and the establishment of territorial boundaries and test ranges 
for calibration of navigation systems and satellite altimetry data. Efforts 
for direct measurement of sea floor spreading and other activities in 
resources exploration, e.g., gravity/magnetic/seismic surveys, geologic 
surveys, pipelines/cable laying, search/rescue/salvage, and waste disposal, 
all require determination of positions and/or geodetic control as shown 
in Table 1. Table 2 is the basis for the assessment of the accuracy 
requirements for the various application activities as shown in Table 3. 

MARINE GEODESY TOOLS AND TECHNIQUES 


Marine geodesy activities fall into two major categories- -the ocean 
surface and the ocean bottom. Geodetic satellite systems, classical 
physical geodesy systems, EDM, and acoustic systems are the main tools, 
while the techniques are modified conventional geodetic techniques adapted 
for use in the marine environment. 

Ocean Surface Geodetic Activities 


The ocean surface activities involve (a) position and (b) geoid 
determinations. A distinction is made between (i) position determination 
in marine geodesy, which requires accuracy between 10 to 100 meters in 
support of requirements of specific marine activities (see Table 3), and 
(2) position determination for general navigation purposes, which can 
tolerate an error of one to several kilometers, depending on geographic 
location. Ihe latter is not a geodetic problem except in the area of 
establishing test ranges for testing and calibration of navigation systems, 
and so will not be discussed further. 

Surface position determination in marine geodesy branches into two 
categories: one Is for geographic or relative position location of sites 

or routes of activities shown in Tables 1 and 3; the other, which has the 
highest accuracy demand. Is used as staging positions for transferring 
geodetic coordinates to ocean bottom markers. This latter case, the 
establishment of marine geodetic control, is discussed later. Because of 
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FIGURE 1. MARINE GEODESY - GOALS AND APPLICATIONS 
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TABLE 1. DECREE OF RELEVANCY (a) OF MARINE 
GEODESY TO SOME OC£AN ACTIVITIES 


Control 

Points 

Practical Geodetic 
Applications 


Bathymetric mapping 

and char clog l 
Boundaries 1 
Ground truth/ test range 1 
Gravity measurement l 
Search, rescue, and salvage 1 


Environmental Prediction 
& Ocean Physics 


Air-sea interaction P 
Tides and mean sea level 1 
Ocean currents and transport 3 
Waste disposal 2 
Ice-sheets motion P 


Geology/Geophysics 
& Resources 


Gravity/seismic/magnetic 2 
Geologic surveys 2 
Pipelines and cable laying 3 
Petroleum and gas 2 
Solid minerals 1 


Scientific and Educational 
Applications 


Figure of the earth I 
Ocean spreading P 
Ship/satellite tracking 

and orbit determination 1 
Inertial navigation P 


Marine Geodesy Areas 
Surface M.S.L. 

Positioning (Geo id) 



Surveying 
& Mapping 


1 

1 

1 

2 
2 


3 

3 

2 

1 

2 


2 

2 

1 
1 

2 


1 

1 


1 


(a) Degree of Relevancy 

1 - Primary 

2 * Secondary 

3 - Tertiary 

P - Potential Utility 
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Activity/ Pub llca cion 

Effective Use of the Sea 
First Marine Geodesy Symposium 


Development Potential of the 
U.S. Continental Shelf 


Satellite Applications to 
Marine Geodesy and Ship 
Positioning (CR-1253) 

Precise Positioning Require- 
ments for Special Purpose 
Operations 

Our Nation and the Sea 


rhe Terrestrial Environment: 
Solid Earth 6 Ocean Physics 

Marine Mapping, Charting and 
Geodesy Workshop 

Second Marine Geodesy Symposium 


TABLE 2. MAJOR BASIS FOR COMPILATION OF ACCURACY REQUIREMENTS 


Conducted By 

Sponsor 

Date 

No. of # 

M. 

Consents 

President's Sci.Advis.Conm. 

White House 

1966 

18P 

States positional accuracy needs p.21 


C&CS and 
Battelle 

1966 

392P 

Marine Geodetic Requirements of Industry, 
DoD, Commerce 6 Scientific Communities 
were identified. Heavy industrial 
participation. 

Battel le 

ESSA/C&GS 

1966 

1341 

Results based on interviews with private 
Industry, Local, State and Federal 
Government, research firms, universities 
and literature. 

Battelle 

NASA/OSSA 

1968 

271, 99R 

Based on selected interviews, literature 
study and evaluation of technical 
problems and their applicability 
(p. 10 and Appendix A). 

Geonautlcs 

USCG 

1969 

281 , L40Q 

Confirmed results of previous studies 
on position requirement. 

Commission on Marine Sci. 
Engr., & Resources 

President 
& Congress 

1969 

Many 

Extensive efforts and Interviews through- 
out the U.S. covering all aapacts of 
oceans activities. 

Invited Experts from 
many Disciplines 

NASA /MIT 

1969 

78P 

Used as basis for EOPAP. Identified 
marine geodetic requirement. 

NS I A 

DoD 

1969 

160P 

Invited people representing industry 6 
Government 

Marine Geodesy Committee 

Marine Tech. 
Soc iety 

1969/70 

164 P 

Several positioning and accuracy require- 
ment tables were presented, also 
confirmed earlier studies. Marine 
boundaries highlighted. 



TABLE 2. MAJOR BASIS FOR COMPIUTION OF ACCURACY REQUIREMENTS 
(Continued) 



Activity/ Publication 

an Ocean Quest 

Mineral Resources of the Sea 
(United Nations Economic and 
Social Council) 

Hydrographic Surveying and 
Bathymetric Charting 

A Proposed Aid to Geodesy: The 
Spatial System "GEOLE" - 
Inter. Hydrog. Review 

Exploiting the Resource of 
the Seabed 

Marine Geodesy - 1967,1971 


Conducted By 


Ad Hoc Committee 


Husson & Thieriet 


Library of Congress 
Sq. Study Committee 


No. of ^ 
Date I.Q.P.R 


Congress 

Intern. Assoc . 
of Geodesy 
(TAG) 


This report formed the basis for the In- 
ternational Decade of Ocean Exploration. 

Report of the Secretary General- 
Extensive Coverage of Resources 

Based on expert opinions in Hydrographic 
Surveys 6 Charting. Presents marine 
mapping inadequacy 6 Requirements. 
Presents a table on Marine Geodetic 
Accuracy Requirements (P. 129 130). 

Covers resources, boundaries, legis- 
lation and implications. 

Extensive review of marine geodesy, 
identified problems areas, approved 
by 1AG and passed resolution No. 4 
(attached) 


■ Interviews 

■ Questionnaires 

■ Participants 

■ Reports 
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TABLE 3 . POSITIONAL ACCURACY REQUIREMENTS 


Desired Relative* Desired Absolute** 

Accuracy (m) Accuracy (m) 


MARINE ACTIVITIES 

<£ 

\ 

H 

2 

\ 

H 

Geodetic Operations 

Control points 

1 

1 

1 

10 

10 

5 

Geoid 

- 

- 

0.1 

- 

- 

0.5 

Calibration test ranges 

1 

1 

0.3 

10 

10 

5 

Gravity base stations 

10 

10 

1 

10 

10 

5 

Ocean Physics and Oceanography 

Mean sea level/ tides 

- 

- 

- 

50- 100 

50-100 

0. 1 

Ice sheet motion 

1-5 

1-5 

- 

7 

7 

- 

Stationary buoys location 

10 

10 

- 

10 

10 

- 

Drifting buoys location 

50- 100 

50-100 

- 

50-100 

50-100 

“ 

Ocean Tracking Stations 

- 

- 

- 

10 

10 

5 

Search and Rescue and Salvage 

1-10 

1-10 

- 

20- 100 

20-100 

- 

Ocean Resources 

Geophysical surveys 

10-100 

10-100 

5 

? 

7 

7 

Drilling 

1-5 

1-5 

1-5 

7 

? 

? 

Pipelines/cable laying 

1-10 

1-10 

- 

? 

7 

? 

Dredging 

2-10 

2-10 




7 

? 


* Relative - Repeatability 
** Absolute - Referenced to known geodetic system 


the brevity of this review, we will merely list some of the various systems 
applicable to marine geodesy surface position determination. Currently, 
these include electronic systems such as Lorac, Loran, Shoran, Hlran, 
Raydist, Hydrodist, Auto tape, Decca HI 'FIX and LAMBDA, RANA, Tor an; and 
satellite systems using Doppler (e.g. , Ceoceiver), ranging (e.g., C-band 
radar, laser) and VLB 1 principles. Sometimes, several of these systems are 
used simultaneously with least-squares processing or simple averaging of the 
different coordinates Indicated by each system. Such hybrid systems 
integration Bhould be approached cautiously, because each system usually is 
based on a different coordinate or geodetic reference system. For geodetic 
purposes, such an integration should never Include astronomic-coordinate* 
based systems of the inertial navigation type, such as SINS (ship inertial 
navigation system). Civilian standardization of these various systems or 
operational performance accuracy establishment for them is lacking, because 
there are neither the necessary civilian test ranges nor the support for 
such activities. 

Marine geoid determination is still mostly dependent on measured 
gravity data, supplemented in recent times with satelli te-derived geopoten- 
tial coefficients transformed into gravity anomalies or geoid heights [12, 
20 , 22 ]. Sometimes, purely satellite-derived data are used [ 19 ]. Astro- 
geodetic techniques have had limited use and success [ 23 ], due to the 
nonexistence of adequately accurate (1 to 2 arc sec rms or better) marine 
geodetic astronomy instruments. Satel lite-derived X, Y, Z geocentric 
Cartesian coordinates have been transformed into geodetic latitude, 
longitude, and height as a means of deriving geoid heights. This is done 
by assuming that the geoid and the sea surface nearly coincide, so that the 
orthometric heiRht, H, is zero and, hence, the geodetic height, h, equals 
the geoid height, N [ 18 , 21 ], based on the relation that 

N - h - H . ( 1 ) 

Further details about various practical and theoretical details of the 
marine geoid are discussed in Reference [ 4 ]. 
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Ocean Bottom Geodetic Control 


1c is not the intention here to review the concepts of ocean bottom 
control? and the various experiments conducted so far. These have been 
extent ’ "-“iv publicised in literature, including about ten publications of 
the authnt. . References UJ, 13], 15), 16], 1 10], 111], [15], 1 16] and [17] 
and their oibl ' ographies may be referred to for further details. The rest 
of the text is restricted to results of some of the latest investigations 
of the authi rs. 

A geodetic control point is a physically marked point whose three- 
dimensional geodetic coordinates are known in a chosen geodetic datum. In 
the case of the ocean bottom control, the marker has usually been an 
acoustic transponder or hydrophone. One of the most practical uses of 
geodetic control is for future relocation of position whose coordinates are 
known. For obvious reasons, a minimum of three and an optimum of four or 
more ocean bottom markers in a previously surveyed array are used at sea. 
Position relocation fron a functioning array is easy and involves the 
survey principle of "resection". The exacting part of the task, especially 
in terms of accuracy, is the initial process of determining the geodetic 
coordinates of each marker of the array. 

The geodetic principle adapted for marine geodetic control point 
establishment is based on the classical surveying technique of "inter- 
section". Each surveying surface ship position is the "instrument station" 
from which the spatial range or distance between the instrument station and 
the bottom control marker is made. In three-dimensional space, the 
necessary and sufficient condition for unique position location by 
intersection is three spatial ranges measured from three noncollnear 
preknown stations to the marker being located [6, 18]. The accuracy of 
the new position’s coordinates is dependent on the (1) coordinate accuracy 
of the instrument stations, (2) spatial distribution of both the instrument 
stations and the new point being located--the influence of geometric 
configuration, and (3) accuracy of the measured ranges. These sources of 
errors are not unique to marine geodetic control establishment. Each time 
the coordinates of a new point are determined from the coordinates of 
previously established reference points or stations, either by "inter- 
section" or "resection", these three sources of error come into play. 
Sometimes, for practical expendiency, the coordinates of the reference 
static is are treated as if they were errorless. Examples are (1) star 
cot rd l nates used in geodetic astronomy, (2) satellite ephemeris used in 
satellite geodesy, (3) tracking station coordinates for orbit definition, 
and (4) terrestrial geodetic network coordinates used in network extension 
and/or densif ication. Theoretically, this assuirptlon of error lessness 
should be avoided. In pracr-.ce, the influence of errors in the reference 
station coordinates cannot be completely eliminated but can be statistically 
minimized by well-known error modeling techniques. However, this merely 
gives a better propagation of estimated errors of the reference coordinates 
and a more reliable variance-covar lance estimate of the new coordinates. 

In an absolute sense, the accuracy of coordinates of the new station can 
never be superior to that of the reference points. 

The results of a limited investigation of accuracy criteria in marine 
geodetic control establishment are given below, and Referenc [5] contains 
further details. Table 4 shows results concerning errors in the reference 
or instrument stations (surface ship positions, in this case) from a 
simulation computation. The ship’s coordinates, the transponder (ocean 
bottom marker) coordinates, and the corresponding exact rat ge from ship to 
transponder were simulated. Random errors of practical magi.< tude were 
added to the ship's coordinates and the simulated ranges. These modified 
data were then used to compute the new coordinates of the transponder and 
their variances. The absolute error of recovery, i.e.--the difference 
between the exact coordinate value and that computed from the modified 
data--ia given for the cases in which ship position errors are "modeled" or 
"not modeled". The results, as to be expected, show that, by assuming 
error lessness when the ship positions have errors, misleading variance 
estimates of the transponder coordinates are obtained. By applying error 
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TABLE A. EFFECT OF EFFICIENT ERROR HODELING (a> 


Transponder 

Coordinates 

Recovery of True Coordinates of Transponder in Meters 

Ship Position ... 

Errors Not Modeled' 

Ship Position . . 
Errors Mode led ^ 

Absolute 
Error of 
Recovery of 
Transponder 
Coordinates 

Precision of 
Recovery- Ihe 
Square Root of 
the Variance 
Indicated by 
Weight Co- 
efficient 
Matrix 

Absolute 
Error of 
Recovery of 
Transponder 
Coordinates 

Precision of 
Recovery -The 
Square Root of 
the Variance 
Indicated by 
Weight Co- 
efficient 
Matrix 

X 

-22.8 

+3.6 

-1.9 

+20.5 

Y 

-3.0 

+2.1 

-0.2 

+20.0 

Z 

12.6 

+3.3 

1.4 

+20.1 


(a) The simulations Involved the following errors: 

Ship Positions - +20 m in each of X, Y, Z 

Slant Ranges - +3 x (a function of Slant Ranges). 


(b) "Not modeled" assumes errorless ship coordinates. 

(c) "Modeled" cakes into account errors in ship coordinates. 


modeling, the variance estimate gives a better indication of absol >te 
accuracy. However, Columns 2 and 5 of Table 4 indicate that absolute 
accuracy of the new coordinates is bounded by errors in the reference 
station coordinates. As in all geodetic intersection or resection computa- 
tions, the coordinates of the ocean bottom transponders are automatically 
In the same geodetic datum as the surface coordinates. 

In marine geodetic control point es tablishment, the Issue of spatial 
distribution of points or geometric configuration can be analyzed in terms 
of slant range (ship to transponder distance) versus ocean depth ratio. 
Figure 2 shows the results of a simulation study in terms of accuracy of 
position recovery as a function of the slant range/ocean depth ratio. It 
appears that the optimum ratio lies between 1-2 and 1*9. Problems associa- 
ted with the third accuracy criteria— the measured acoustic ranges and the 
roles of velocity of sound, systems delays, etc., have been discussed in 
Reference (6). On the issue of using an ocean bottom control array to track 
or relocate ships and other ocean surface or subsurface objects by 
"resection", three transponders give ” inique relocation solution. More 
than three is, however, desirable ior practical expediencies, such as for 
Improved position relocation accuracy and accommodation of transponder 
failures [17], As in all technical areas, necessary and sound mathematical 
models are available, but adequate statistical models are subjects for 
research. 

The results of actual measurements achieved in the past are briefly 
sunmarized. In the Pacific experiment, a standard point error of + 16 m to 
+ 18 was achieved in determining the horizontal geodetic coordinates of a 
marine geodetic control point with respect to the U.S. geodetic datum 
(NAD 27). The point was about 200 km from shore at depths of about 2000 m. 
Each line between the U.S. land control point and the ship was independently 
measured 16 times using aircraft L0RAC line corsslng technique ]2, 14]. 

In the Bahamas experiment, standard errors of + 6 to + 7 in were achieved in 
determining the horizontal geodetic coordinates and error* of + 2 to + 3 m 
in determining the depth. Most important, however, was the achievement of 






Deviation of Recovered Coordinates 
Pro® True Value, meters 



Ratio of Average Slant Range to Transponder Depth 

FIGURE 2. INFLUENCE OF GEOMETRIC CONFIGURATION IN 3-D LEAST SQUARES SOLUTION 
FOR GEODETIC LOCATION OF OCEAN BOTTOM TRANSPONDER 
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a + 1*6 standard deviation in recovery of ship heights above the trans- 
ponders using Independent acoustic range measurement from the ship to the 
ocean bottom transponders (see Figure 3). 



FIGURE 3. PRECISION OF SHIP HEICHT DETERMINATION 

FROM OCEAN BOTTOM MARINE CEODETiC CONTROL 


CONCLUSION 

Marine geodesy has been shown to be hlgh!y relevant to man's various 
practical and scientific operations at sea, Including those on the 
continental shelves. Being a new geodetic venture, it has many unanswered 
challenges that should be adequately addressed r.o permit full realisation 
of ita great potential. The following la an extract from Resolution No. 4 
of LAG during the IUGG General Assembly in Moscow in 1971. The Inter- 
national Association of Geodesy reconnends that (1) the following activities 
be encouraged: (a) establishment of "marine test sites" or "marine geodetic 
ranges", (b) conduct of "contro'led condition" experiments to determine the 
best accuracy attainable. ; (2; determination of the form of the geoid by 
satellite altimetry; (3) design and conduct of specific marine geodetic 
experiments, and development of Improved data-analysls techniques and (4) 
development of astronomic instruments that are usable at sea and capable 
of obtaining 1 second of arc or better In position determination. This 
resolution is a recognition of the potential practical and scientific 
applications of marine geodesy, but it ' - « largely remained an unanswered 
challenge. 
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ABSTRACT “ 

The discovery of natural resources in Offshore Norway ha* nade it 
necessary to improve the existing navigational systems: Decca 

Main Chain, Decca Hi Fix and Loran C. In the near future a Navi- 
gation Conraittee will be given the mandate to explore and propose 
possible changes that will improve the systems. The Geographical 
Survey of Norway (NGO), who has the responsibility for the geode- 
tic control, will be represented in this committee. This paper 
presents a preliminary review of the existing systems, and some 
proposals for new systems. In addition, the geodetic network 
will be discussed, and a presentation is given of some boundary 
delineation problems on the Norwegian continental shelf. 


DEMANDS ON GEODESY IN OPPSHORE NORWAY - THE OBLIGATIONS OF NGO 

The Geographical Survey of Norway (NGO) is the official cartogra- 
phic institution of Norway. One of its duties according to the 
directives governing its work, is to provide the geodetic control 
of official maps and charts. The NGO has taken it for granted 
that these duties include an obligation to possess adequate know- 
ledge of geodetic theory, and of methods ai.u use of instruments, 
equipment - and the organisation needed to undertake new official 
geodetic assignments. Determination of boundaries in the North 
Sea, search for exploitable resources on the seabed and its sub- 
soil, and the discovery of oil and gas deposits in the North Sea, 
faced the NGO with new demands for its services. The NGO found 
it important to get to understand the nature of this new activity, 
and - above all - acquire some idea of what this would imply with 
regard to navigation and positioning aids, to accuracy of posi- 
tion and boundary determination, all with the aim to make the NGO 
able to anticipate future assignments in Ofrshore Norway. 

The Norwegian Telecommunication Directorate also had to face very 
much the same problems as the NGO. On its initiative a meeting 
was called between representatives of interested authorities and 
government agencies. The outcome of this meeting was a proposal 
to appoint a committee - the Navigation Committee - which is to 
make an appraisal of what kind of services are needed, and of how 
these are best organized. The draft of the mandate to the Navi- 
gation Committee reads as follows: 

1. Appraise the requirements and demands of the oil industry as 
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to positioning and accuracy of navigation on the Norwegian 
continental shelf - included the requirements for a common re- 
ference system. 

2. Clarify what known systems - or combinations of systems - do 
best meet these requirements. Primarily is to be considered 
the development which has already taken place in the areas of 
actual interest. Secondarily is to be clarified the question 
of implementation of new systems - if existing systems give 
unsatisfactory results. 

3. Appraise the suitability and requirements for using permanent 
installations on the continental shelf as a composite part of 
navigation/positioning systems, and - if possible - elucidate 
the problems of legal rights and practical consequences. 

It. Give an outline of the costs entailed by the implementation 
and operation of the different alternatives - ir.„-‘. .ding user 
exFences. 

5. The proposals from the committee should in particular clarify 
problems concerning 

a) Use of Norwegian goods and services in connection with ex- 
tensions or reconstructions, 

b) Practical and economic value of use fot users not connected 
with or part cf the oil industry, as the Fishery Inspection, 
Hydrography, Sea Rescue, Shipping, Scientific Research etc. 

6. The work of the committee shall in its conclusion include spe- 
cification of alternative solutions arranged according to 
priority determined by the Committee itself. 

The Committee has not yet started its work. Points of view and 

appraisals expressed in this paper, are therefore only those of 

the authors. 


DELIMITATION OP THE NORWEGIAN CONTINENTAL SHELF 

The NGQ was acquainted with some of the problems associated with 
the determination :f territorial boundaries at sea in 1964, when 
the boundary line between the UK and Norway was delineated. The 
Article 6 of the Geneva Convention on the Continental Shelf, and 
the Geneva Convention on the Territorial Sea and the Contiguous 
Zone, lay down the principles for determining the territorial 
boundaries in the continental shelf areas. The Conventions came 
into force on June 10, 1064. In accordance with the decisions in 
the Conventions, Norway has concluded agreements about the deli- 
mitation of its continental shelf with Great Britain (March 10, 
1965), Denmark (December 8, 1965), and with Sweden (July J4, 

1968 ) . 

In all three agreements it is stated that the delimitation should 
be based on the median or equidistance-line principle; i.e. that 
every point of the boundary should be equidistant from the 
nearest points of the baselines from which the breadth of the 
territorial sea of each state is measured. The principles for 
drawing the baselines eregiven by the Convention on the Territo- 
rial Sea and the Contiguous Zone. 

The implementation of these principles is rather difficult, and 
has been very much debated - and will continue to be debated. 

Due to the increasing importance of the continental shelf areas, 
we might foresee that baselines will become the subject of nego- 
tiations, and/or will need bi-lateral or international (multila- 
teral) recognition - like boundaries on land. The corner points 
of the baselines should be marked where possible, and geodetical 
positioned. And the "straight lines" between them should be de- 
fined as arcs of Great Circles. 

Provided that. the fundamental requirement is fulfilled, so that 
the corner points of the baselines of any two countries are po- 
sitioned within the 3ame geodetic frame, the median line between 
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the two countries can be determined mathematically. The median 
would be a succession or great circle arcs and segments of para- 
bolas, which could be depicted with an adequate degree of accu- 
racy on charts in any scale and projection. 

The boundaries between UK and Norway and Denmark and Norway, were 
determined graphically on specified charts on a small scale (ea 
1:1M), inconsistent geodetic frames - and not on shrinkproof 
paper. The so determined median lines were adjusted slightly to 
meet administrative reauirements. Both boundaries are drawn as 
great circle arcs between eight corner points, the positions of 
which are defined by latitude and longitude on European Datum 
(1st Adjustment 1950), and given with a precision of one second- 
of-arc on the UK-Norwegian boundary, and with one tenth of a se- 
cond on the Danish-Norwegian boundary. Before the Danish-Norwe- 
gian agreement was amended in 1979, the segments of the boundary 
were defined as compass lines, and the precision of the corner 
points wa3 0.1 minutes-of-arc . Computer checks of spherical dis- 
tances from a few points on either boundary to points on the 
baselines agreed within 550 m for the UK-Norwegian boundary, and 
within 1070 m for the Danish-Norwegian one, which, however, is 
consistent with chart errors. 

The boundary between Sweden and Norway in the Skagerrak, was 
first determined mathematically as the median line of the base- 
lines. Latitude and longitude of the baseline cornerpoints were, 
however, poorly determined on the European Datum (~ 100 m). Next 
the mathematical median line was approximated by two compass 
lines and two great circle arcs using the equal area "give and 
take" principle. The agreed geographical coordinates of the cor- 
ner points are defined to be on European Datum 1950 and given 
with a precision of 0.1 second-of-arc . It is argued that this 
precision (42 m) is in accordance with probable future needs as 
to positioning accuracy. 

Negotiations between the Soviet Union and Norway about the deli- 
mitation of the continental shelf in the Barents Sea is schedu- 
led to start this year. Preliminary talks took place two years 
ago . 

The outer boundary of the Norwegian continental shelf in the Nor- 
wegian Sea is not determined. The principles of delimitation of 
continental shelf areas towards the high sea will be on the 
agenda of the Conference on the Law of the Sea at its meeting in 
Caracas, Venezuela in June this year. 


POSITIONING RELATIVE TO A MARINE BOUNDARY 

Marine boundaries, such as fishing limits, continental shelf de- 
limitations, territorial water deviding lines, or consession li- 
mits, are mostly given as a great or small circle arc, a loxodro- 
mic line or even more commonly as a "straight line" between given 
points in terms of geographical coordinates. 

A great circle arc is a good approximation to the shortest line 
between two points on the surface of the earth, and is increa- 
singly used as boundary dividing line. On ordinary nautical 
charts on the Mercator projection, a compass line is always a 
straight line. A great circle arc, however, will ordinarily be 
depicted as a curve. 

The maximum separation of the portrayed dividing line and the 
straight line between corner points on a chart, i3 dependent on 
the definition of the line, the azimuth, the length and the mean 
latitude of the curve segment, and on the projection of the chart 
The segments of the boundaries of the Norwegian continental shelf 
so far established, are "great circle arcs" between a sequence of 
corner points. 
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To demonstrate the size of maximum separation of the boundary and 
the straight line between corner points, we give the values for 
the segments of the Danish-Norwegian and the British-Norwegian 
boundaries with the greatest and smallest separation on a chart 
on Mercator projection: 



Segment 

Sph.dist 

(km) 

Azimuth 

(°) 

Latitude 

(°) 

Separation 

(m) 

Denmark - 

J3-4 

27.1 

70.0 

57.7 

21 

Norway 

\6-7 

93.0 

61.0 

56.9 

228 

UK- 

/2-3 

147.9 

165.0 

57.3 

98 

Norway 

17-8 

44.1 

164.0 

61.5 

22 


Navigation and positioning relative to a boundary requires there- 
fore, either tabulated coordinates of points on the boundary, 
lying close enough to permit interpolation with adequate accuracy 
or charts with the boundary uepicted. For actual needs charts on 
scale 1:25 000 to 1:50 000 would do. 


POSITIONING REQUIREMENTS 

In I960 the Ministry of Defence and the Ministry of Fisheries 
jointly appointed a Committee to Investigate tr.e Demands for 
Electronic Navigational Aids for the fishing fleet and other 
users. The Committee collected reports from the Fishing Fleet, 
the Fishery Inspection, the Hydrographic Office, the Polar In- 
stitute, the Oceanographic Research Institute, the Sea Rescue 
Service, the Navy, the Merchant Marine, and the Directorate of 
Aviation on their needs with regard to range and accuracy of na- 
vigational aids. 

We have to assume that the requirements of these users, are the 
same to-day, and certainly not less, and should be satisfied 
also in the future, and not sacrified for the benefit of new 
users with different requirements. 

Designation of desired accuracy as "very high", "highest deg.ee 
of accuracy", "exact" and "be3t possible" is vague and does not 
mean the same from one user to the other. The different users 
realize they will have to make do with what i 3 available at any 
time. Improvements will be helpful and even necessary and will 
be used, but they are limited to what is technical possible and 
justifiable from an economic point of view. For most users it 
was and is quite impossible to state either the upper limit for 
the accuracy that can be used to advantage, or the lower limit 
where the navigational aid ceases to be of any use at all. 

The Committee analyzed the requirements of the different users 
and concluded that 5 Decca Main Chains along the west coast of 
Norway and three Consol stations to a large extent would cover 
the registered requirements. The proposed installations were 
established . 

The Committee did not consider the requirements of the oil in- 
dustry. This activity had only made a feeble start in the North 
Sea at that time, and only in areas outside Norwegian waters. 


REQUIREMENTS OF THE OIL INDUSTRY 

Systematic hydrocarbon exploration of the North Sea began in 1961 
The first legislation relating to Exploration and Exploitation of 
Submarine Natural Resources on the Norwegian Continental Shelf 
was enacted in 1963 . 

The first reconnaissance licence and the first production licence 
was issued in 1963 and 1965 respectively. Since then it has been 
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a rapid increase in exploration and exploitation activities, so 
far, mainly restricted to the North Sea south 62° N. 

The oil industry incorporates a variety of activities; explora- 
tion, surveying and engineering work, where relative or absolute 
positioning is an important facet. Such as - without pretending 
to be exhaustive, 

1. The need to correlate sub-bottom seismic surveys with drilling 
holes, since these operations cannot be carried out simultane- 
ously. 

2. The necessity of returning to and recovering the unmarked well 
head. 

3. The surveying of pipeline routes, and the subsequent laying of 
pipelines along the selected route. 

U. The need to survey in detail on a large scale, and pinpoint 
rig positioning, fixed platforms, or sea bed structures, and 
likewise return to exactly the same point for construction 
work. 

5. To be able to define with accuracy boundaries of concession 
and median lines. 

Tne required or optimum accuracy varies of course somewhat from 
one application to the other. For exploration work an accuracy 
of 30-50 m relative to a specified reference frame, is acceptable. 
For other applications a higher accuracy can be used to advantage, 
and in some cases will be a necessity. Positions, however, are 
determined at the surface of the sea and a very high accuracy 
would be invalidated by projection of the position to the sea bed. 
It seems that a repeatability of 10-15 m would do well for most 
applications, and that with present techniques it is possible to 
achieve this accuracy in positioning in large parts of the North 
Sea. Special conditions, however, as prevailing adverse weather 
and sea conditions, might be detrimental to its implementation. 
High latitude has its advantages: Navy Navigation Satellite 

passes are more frequent, making Doppler positioning more appli- 
cable for updating of integrated positions. 


EXISTING POSITIONING SYSTEMS 

The Norwegian Decca Main Chain , composed of five single chains 
established 1967-1969, covers the offshore areas of the western 
and northwestern coast of Norway. Decca chains in the other 
countries around the North Sea, cover the remaining part of these 
waters. The Norwegian Defence Communications Administration in- 
spects and monitors the Norwegian chain on an assignment from the 
Ministry of Fisheries. The British chain is operated by Decca 
Navigator Co Ltd. On establishing the Norwegian chain, the spe- 
cial Norwegian topography made it difficult to find suitable 
station site3, considering such things as access, ground plane 
conditions, groundpath length, and lightning danger. 

Antenna positions were determined geodetically , partly by NGO 
and partly by private surveying companies. NGO assumes that the 
relative standard accuracy of any two stations cf a Decca chain 
in continental Norway, is better than 12 m. The Vestlandet chain 
has one of its slave stations in Shetland. Chains in UK and Nor- 
way are all referred to European Datum, but due to error propaga- 
tion in the geodetic grid, the chains on each side of the North 
Sea will be on different local geodetic frames, which introduce 
ambiquity of the positions. The amount is difficult to assess, 
but is estimated by Decca Navigator Co to be not more than 120 m. 
Corrections are applied, leaving 110 to 133 m as a probable resi- 
dual ambiguity. 

The different chains have throughout its area of coverage a vary- 
ing fixed error, which is the differ"nce between pattern and De- 
cometer position, and is caused by instrumental deficiencies and 
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affects of ground conductivity on propagation. 

Superimposed is the varying or repeatability error caused by 
instrumental instability, and varying atmospheric and ionosphe- 
ric conditions. Maps showing repeatability accuracy are avail- 
able for the different chains. We can read Trom these that the 
attainable repeatable positioning accuracy using Decca for the 
two important areas Ekofisk (e = 56,5° H, X * 3° E) and Frigg 
(<t> = 60° N, 1 * 2° E) are 200 > and 50 ■ respectively. 

Adverse physical performance characteristics of the Decca Naviga- 
tor System is its susceptibility to skywave interference. 

Loran C was established to cover military requirements in the 
North-Atlantic . For navigation in Offshore Norway the stations 
Sandur (Iceland), Bd and Jan Mayen (Norway) and Sylt (Germany) 
are available, with their Master station at Eide (Paeroe Islands) 
Advantages of the system are: Little skywave interference and 

extensive coverage. Disadvantages are unsatisfactory geometry 
for greater parts of the Norwegian shelf. 

The existing Loran C chain covers only a part of the Barents Sea 
and with poor geometric fixing accuracy. 

Loran C is used extensively in Offshore Norway by exploration 
companies for lane identification by concurrent application of 
Decca, and as a composite part of integrated systems for lane, 
identification and for continuous speed and heading determination 
alone, or as a back-up for Doppler Sonar. 

Decca Main Chain, Loran C and the other electronical aids to na- 
vigation such as LORAN A and Consol that existed in the early 
sixties did not satisfy the requirements of the oil industry. 

The research and engineering work on the continental shelf that 
was initiated, required the development and wider use of electro- 
nic positioning systems designed specially for survey work rather 
than navigation. 

This requirement was more perceptible in the North Sea than for 
most offshore areas of the world with similar activity, where the 
exploration and production started close to the shore, and was 
successively developed in areas more distant from the shore. 

In the North Sea, and in particular on the Norwegian shelf, the 
activity started 100-200 mile3 offshore and is still localised to 
such areas. To meet the further requirements of the oil industry 
Decca established Decca Hl-Fix chains on either a semi-permanent, 
or a "on call" basTsT Permanent chains in the Norwegian part of 
the North Sea are: Hordaland, Rogaland, Cromarty, Forth. Mobile 

Hi-Fix 3y3tems, which can be established to meet a temporary need 
are also available. In Offshore Norway these are used by the 
Hydrographic Office and the Polar Institute for hydrographic sur- 
veying. 

According to statements by major companies operating in the off- 
shore industry and from other sources, it has become clear that 
because of shortcomings or the existing systems, there is an ur- 
gent need for more accurate position fixing systems. This app- 
lies not only to the oil industry, but to some extent also to 
hydrographic surveying of fishing grounds, minelaying and mine- 
sweeping, and for the surveillance of the fishing limit, espe- 
cially if a 50 or 200 mile limit is introduced. 

For implementation of this, three roads are open: 

1. Improvements and optimisation of the existing systems. 

2. E3tablishement of new systems giving adequate overall coverage 
and accuracy for all users. 

3. Establishment of new systems for particular areas or for par- 
ticular engineering tasks. 
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IMPROVEMENTS AND OPTIMISATION OF THE EXISTING SYSTEMS 

There is probably little to be done to improve the repeatability 
accuracy of a particular system. The fixed error relative to a 
specified Datum can to some extent be determined. Such determi- 
nations are currently done by the Hydrographic Office for Decca 
Main Chain on the Norwegian Coast, using the well established 
method of observing the position of the ship's receiving antenna 
by hydrodist, theodolite, or a combination of these, computing 
the geoid coordinates of this Intersected or resected position, 
converting to hyperbolic pattern coordinates, and comparing these 
with the observed pattern readings. By this method the fixed 
error can be determined only for points relatively close to shore. 

The Decca Survey Limited have also made extensive determinations 
of the fixed error within 15 km of the coast. The calibration 
data so obtained, were used to determine the fixed error for far 
offshore areas by extrapolation. The unusual advantage of the 
North Sea is that phase comparison signals can be received from 
opposite shores, and from widely differing directions, providing 
observed data with which to test these extrapolations. A network 
of traverses was observed in each of which simultaneous records 
of as much as nine or more patterns at each station and at fre- 
quent intervals 

Over-land radio propagation can often not be avoided for Decca 
position fixing near the coast. The very low conductivity, and 
the rugged, mountaineous topography contribute to an extremely 
complex pattern of fixed errors. In fact, it is very difficult 
to chart these errors, but very roughly, let alone to publish 
corrections in a rational and meaningful way. Attempts to define 
the fishery borders in terms of Decca coordinates have therefore 
been somewhat discouraging. Nevertheless, the variable errors 
are generally small enough to make the chains useful for many 
purposes in near-shore navigation. 

Mathematical formulas developed to take propagation variations 
into account when computing radio position lines, can only be 
used with advantage in cases of very simple topography. In the 
case of the Norwegian coast, it is virtually impossible to find 
a terrain model to fit the formulas. 

For special purposes, such as offshore surveying etc., more accu- 
racy could be attained when using Decca main chains in a direct 
ranging mode. This necessitates that the chain's frequency is 
controlled by an atomic frequency standard, and also that an ato- 
mic frequency standard is carried on board the survey vessel. 

The cost of equipment and modifications is moderate compared with 
many other systems proposed for such purposes. By this procedure, 
overland propagation paths could be avoided or minimized, and LOP 
pattern geometry could be improved. This would result in reducing 
both fixed and variable errors. However, the day-to-night ratio 
of variable errors would not be appreciably improved. 


ESTABLISHMENT OF NEW SYSTEMS 

To discard the existing systems and replace them by new systems 
is an economic impossibility. There are too many users and too 
big investment made, so it is reasonable to assume that supple- 
mentary systems will be established as the need arises. The num- 
ber of systems, however, must be kept at a minimum, considering 
both economic aspects and that a modest use of frequencies 3hould 
be persued. All relevant positioning systems, Hi-Fix, Toran , Lo- 
ran etc., operate in the frequency band 1.6-3. 3 MHr, which inter- 
nationally is allocated to radiocommunications. There is no in- 
ternational provision in this band for frequencies for use of na- 
vigation. Furthermore, this band is for international use. Allo- 
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cations of frequencies are therefore subject to negotiations and 
neighbourly sharing of frequencies with neighbouring countries. 

Several instrument firms have submitted plans to the Norwegian 
government for establishment of new systems in the 100 KHz band: 
Decca Survey Limited UK, and Kongsberg Vipenfabrikk (KVF), Norway 
have applied for concession for Mini Loran C systems. The Decca 
version is named Pulse 8 and the KVP (Mega Pulse) version is na- 
med Accufix. The systems will be operated separately or more 
likely in cooperation by the two firms. 

Offshore Navigation has also applied for concession for a Mini 
Loran C system (Accufix). 

Kelvin Hughes has proposed the establishment of a Toran system. 

It seems reasonable to choose systems that have a high repeatabi- 
lity accuracy, and to determine the fixed error by geodetic me- 
thods close offshore. To test the extrapolated or mathematically 
derived fixed errors throughout the pattern, every opportunity to 
establish test points should be made the most of. Such opportu- 
nities will be provided by permanent or semipermanent production 
platforms. In the absence of such, bottom transponder systems or 
surface buoys could be used as exceptional checkpoints. Buoys 
could also carry instruments for recording of pattern variations. 
Permanent constructions as the Ekofisk-tank, can provide a site 
for a station for positioning system. 


OEODETIC FRAME AND REQUIRED IMPROVEMENTS 

Determination of boundaries, establishment of these on the ground 
and establishment of adequate aids for navigation and positioning 
require, as we have seen, a geodetic frame. Continental Norway 
is completely covered by geodetic horizontal control on the Euro- 
pean Datura 1950, and so are the other land and island areas sur- 
rounding the North Sea. 

The adjustment of the first-order triangulation network of conti- 
nental Europe was initiated in ig 1 ^ and finished in 1951. This 
first adjustment was not considered to be the final one by any of 
the countries involved, and it was decided as early as 1956 at a 
meeting in Munich, that a new adjustment (RETrig) should be made. 
This will probably be done in the near future. 

Since the first adjustment there has been a steady work to im- 
prove the networks and the data. In Norway the first order net- 
work has been extended to cover the whole rn untry -3ing trilate- 
ration. Two distances across Skagerrak were measured in 1972 
using a slightly modified commercial microwave rangefinder. The 
method has been developed at the Technical University cf Hannover 
and is based upon superrefraction in the maritime surface layer. 
The method allows measuring of more than 1J0 km long distances 
when an evaporation duct is prosent above a surface of water. In 
196j a new connection between the British and the French triangu- 
lation was added to the former. A recomputation of the Shoran 
triangulation is foreseen, and will probably be incorporated in 
the new RETrig. Data from Oeoceiver observations at two Shoran 
stations in UK and three Shoran stations in Norway will also 
probably be available and incorporated in the RETrig. 

The accuracy of the present horizontal control has been satisfac- 
tory for most practical needs, so far. For points on either side 
of Skagerrak the estimated relative accuracy is 1:100 000. For 
the relative accuracy of points on either side of the North Sea, 
in UK and Norway, the available estimates are less reliable. Fi- 
gures of 110 to 130 m are quoted, probably based on the results 
of the Shoran connection. An ambiguity of this size does prob- 
ably not satisfy present requirements, and even less those of the 
future. 

The North Sea, POO-kOO miles across, is surrounded by land and 
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islands separated by narrow straits. The RETrig, being a product 
of sophisticate) 1 statistical tests and adjustment procedures, will 
hopefully provide a consistent geodetic network throughout this 
area, and throughout Scandinavia. It is reasonable to anticipate 
that the relative accuracy between points in UK and Norway will 
be better than 1:100 000, and this should be a fully adequate 
accuracy for ali forseeable applications anywhere in the North 
Sea. 

doing northwards we come into the Norwegian Sea. Geodetic con- 
trol on the shelf in this area has to be extended from the coast 
of Norway by classic or Doppler satellite methods. Jan Mayen was 
positioned by Doppler in 1968. 

In the extreme north we have the Barents Sea and the shelf sur- 
rounding the islands of the Svalbard archipelago. The Barents 
Sea is less confined than the North Sea. The islands there have 
a wider separation, which is difficult to bridge using classic 
geodetic methods. 

New-Alesund on We3t-Spitsbergen and six other points in the Sval- 
bard archipelago were determined in 1971 by Doppler translocation. 
An additional tie between the archipelago and continental Norway 
should be contemplated. The station in New-Alesund is also de- 
termined by the satellite-triangulation method. 

The delimitation of me she', f between soviet and Norway presuppo- 
ses that the land a.,d island areas of the two countries surroun- 
ding the area to be partitioned, are brought into the same geode- 
tic frame, which one, is of no consequence for this particular 
purpose. This can only be accomplished at required standard by 
the use of geodetic Doppler positioning procedures. 

Knowledge of aeoldal heights is necessary for the transferring of 
two-dimentional Dopplercoordinates to European Datum. 

Inertial navigation needs to know the deflection of the vertical. 
Integrated navigation should also benefit from a better knowledge 
of the geoid as it would reduce the standard error of geographi- 
cal coordinates. Our present knowledge, nowever, of the details 
of the local geoid is poor. Estimated heights might be in error 
by more than 10 m. 

Several methods can be applied for the determination of the geoid 
in offshore areas. They all either depend on the knowledge of 
the geoid in surrounding land areas, or benefit from such know- 
ledge. Knowing the geoid on land it can be extended offshore by 
Doppler translocation or inertial navigation between points of 
known positions. Conversion of geoidal heights and deflections 
of the vertical determined gravimetricallv or by altimetry on a 
different datum to European Datum, can be based on the knowledge 
of the geoid in adjacent areas. 

We conclude that it should be to the purpose of the NGO to pursue 
determination of the geoid in Norwegian offshore areas more vigo- 
rously, and that dynamic satellite positioning will be an indis- 
pensable tool for geodetic positioning offshore as for the estab- 
lishment of the geodetic frame for such work. 

It is the opinion of the authors that it is imperative that the 
NGO has the knowledge and facilities to carry out such work to 
geodetic standard. 
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Figure 1. The Norwegian Continental Shelf south of 62° M. with 
Territorial Boundaries and Leases December 31 1973 



Figure 2. Decca Main Chains in Western Europe 
M 




Figure }. Geodetic Connections across the North Sea 



Figure '4. Decca Hi Fix Covering of the North Sea 
(with repeatability accuracies given by 
Decca Survey Ltd . ) 
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ABSTRACT 

The paper discusses the navigation and position fixing 
requirements for exploration and mining of manganese nodules. 
Four types of surveys are conducted preparatory to actual 
mining operations — prospecting, preliminary survey, evaluation 
survey and detail survey. Accuracy requirements for position 
fixing become progressively more stringent with each advance 
in stage of survoy. The goal is to gather data suitable for 
shorwside analysis and decision making with regard to the 
ongoing program. 

Exploration and mining in the deep ocean requires the 
ability to continuously plot the position of survey vessel or 
mining ship and to trt an instrument package or dredge device 
on the sea floor. Positioning data must be recorded to 
generate maps of ore bodies, obstructions and claim boundaries. 
Accuracy of location is of paramount importance for safe 
operation and to assure efficiency by not reworking areas 
already mined. Highly accurate and reliable positioning must 
be achievable over a wide range of environmental and operating 
conditions. 


INTRODUCTION 

The subject of navigation and position fixing is basic to 
the potential ocean miner, just as it is to most other maritime 
activities. The degree of accuracy and the efficiency with 
which these functions are accomplished is, however, as varied 
as the types of maritime activities. The normal merchant ship, 
while far at sea on a transoceanic voyage, will keep track of 
its position on a geodetic basis, primarily by reference to 
celestial bodies, only recently supplemented by long range 
radio navigation systems. For this portion of the voyage, 
accuracies on the order of a few miles will suffice. As the 
ship approaches the coast, the 11"' ted range radio navigation 
aids become available. The mates will take advantage of these 
systems and will obtain position with accuracies of one mile or 
better. The final phase of the voyage will be made within the 
harbor of the destination port. Positions will now be deter- 
mined within a matter of feet by means of visual reference to 
fixed objects. 

This increase in accuracy, as the ship approaches and gains 
the land mass, is to be completely expected, as man has spent 
most of his history ashore. Techniques for the mapping of tne 
land surface ha ve been developed over centuries of practice and. 
References and illustrations at end of paper. 
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in the recent past, precision, accuracy, and reliability have 
been sharply upgraded. The degrees of proficiency and the 
accuracy of the results of these surveys have been carefully 
analyzed. The surveys themselves are classified as to precision 
and the means to conduct surveys within clearly defined limits 
of accuracy have come to be everyday happenings. 

The extensions of these standards to the ocean, beyond 
where a bottom-mounted platform can be erected or line of sight 
signals can be received from a shore station, is yet to be 
achieved for commercial programs. In mid-ocean the survey 
platform is, for practical purposes, continuously in motion, 
both horizontally and vertically, and there is no easy means to 
mark and identify a given site. This is the problem which is 
presented to the potential ocean miner. 


THE PROBLEM 

In a situation somewhat analogous to that of the conven- 
tional ocean transit, the ocean miner's navigational require- 
ments change, not, however, as a function of the phase of the 
voyage, but rather as a function of the current phase of 
activity in which he is then involved. 

The phases of a commercial mineral exploration program 
leading to full scale ocean mining have been identified various- 
ly. One such scheme groups the activities into four principa. 

areas t 

Prospecting - Seeking of nodule deposits of potential 

commercial interest. 

Preliminary Survey - Coarse Grid surveys to define the suit- 
ability of the topography for further 
activity. 

Evaluation Survey - Sampling surveys to delineate the extent 
of the deposit and confirm the deposit 
as an ore body. 

Detail Surveys - Pine Grid surveys to develop mining plans 
for ere acquisition. 

As with the merchant ship, the ocean miner's navigational 
requirements become more demanding as he approaches his goal, 
the end of his voyage. Unfortunately for the ocean miner this 
is not the familiar and hospitable land mass, but rather, the 
deep and unfamiliar mid-ocean regions. 

One of the major aims of each of these surveys is to 
produce a chart or map. These are graphic presentations of 
features in respect to their position on esrth, or relative to 
each other. Problems regarding the production of maps have long 
been with us, but only in the recent past has the need arisen to 
accurately map features of the ocean floor in great depths of 
water and at great distances from shore. Each of these factors; 
accuracy desired, water depth, and remoteness from shore, add to 
the complexity of map generation. Combined, they represent a 
fundamental problem for the potential ocean miner. 


OBJECTIVES 

The generation of a topographic map has traditionally been 
one of the early steps in mineral exploration and development. 
The extenfion of this requirement to manganese nodule resource 
evaluation is premised on the need to find areas of acceptable 
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relief and roughness . These conditions assure survival of the 
bottom traversing devices nd permit their efficient operation. 

The development of a bathymetric sap, of the maximum 
accuracy feasible within the constraints of tine and cost, is 
therefore of first order importance in the mid-ocean exploration 
program. The data for this map also forms the basis of the topo- 
graphic nap. This work will be initiated during the preliminary 
survey phase of the operation. 

Prior to this time, reasonable means to produce a contour 
aap of large areas (in the order of 15-20 thousand square miles) 
of the sea floor have cot been available. The intention now is 
to equip ocean exploration vessels with the necessary equipment 
to allow a continuous plot of the vessel's position within 
specified limits, and record this data in conjunction with 
information obtained from a precise narrow beam bathymetric 
system. 

Che accuracy with which position (x,y data' must be known 
in order to generate a satisfactory bathymetric (t data) map 
depends on a wide number of variables. Included in these 
variables are; the purpose for which the map is to be generated, 
the variability of the topography, and the accuracy with which 
the depth can be measured. 

For the ocean miner the basic purpose of the bathymetric 
and subsequent topographic maps has already been identified. It 
is to identify areas of sufficiently low relief over large 
enough extent so as to provide a reasonable probability that tha 
necessary ocean floor mining equipaient will not only survive, 
but will in fact perform its required function with an acceptable 
efficiency. He have previously identified the acceptable depth 
variation within a given local area as being in the order of 
1100 feet with slopes not exceeding 10 degrees. t3) 

As the program continues, it will become necessary to 
identify and locate obstructions of considerably smaller dimen- 
sions than 1100 feet and so it is reasonable to expect that 
greater positional accuracies will be required. 

The variability of tha topography is generally little known 
during the initial phases of the survey, in fact, determination 
of the variability is the reason the survey is being conducted. 
Surveys conducted using wide beam bathymetric systems tend to 
mask some of the variability, particularly the narrower valleys. 

In the present discussion the only "Z* variable considered 
is water depth, however maps must also be developed based on 
numerous other quantities such as nodule concentration and 
mineral assry. The variability of these quantities may be quite 
different than the variability of topograp. v and may cause 
changes in the required position! accuracies. An experiential 
judgement will be required on the basis of the results of some 
of the initial survey work. 

The accuracy with which depth can be measured is primarily 
a function of the equipment being u»ed. Conventional wide beam 
acouatic systems, which- insonify areas of the ocean floor in 
c. cess of five square miles when operating in water depths of 
15,000 feet, can hardly justify an ultra pracise navigation 
system, or form the basis cf a detailed topographic map. For 
this reason narrow beam systems incorporating stabilized trans- 
ducers and other advanced features must be considered. Such a 
system utilizing a 2-2/1 degree beam width will insonify an area 
of less than 1/100 square mile and can measure differences in 
depth of less than two fathoms. 
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The navigational accuracy which wa fa«l is required for the 
preliminary surveys, as outlined earlier, is the ability to 
define the ship position continuously , during transit or wide 
area survey, within 10 . 2 m. The vessel operational character- 
istics associated with this requirement are speeds in the order 
of seven knots while towing a near surface submerged body in 
seas up to five feet. The surveying will be continuous on track 
lines up to ISO miles long. 


EXISTING SURVEY STANDARDS 

A review of the existing standards for hydrographic surveys 
was made in order to determine the reasonableness of the above 
operational requirement. Three ‘standards* were identified, 
each somewhat different in statement and requirement. 

The first of these is the International Accuracy Standard 
for Hydrographic Surveys adopted at the 7th Cartographic Con- 
sultation of the Pan American Institute of Geography and History 
■meting in Mexico City in 1955.(2) The same standards were 
recommended by the United States for adoption by the Inter- 
national Hydrographic Bureau States Members at the 7th Inter- 
national Hydrographic Conference in Monaco in May 1957. For 
depth, the maximum error increases from one fathom in depths 
to 11 fathoms up to one percent of the depth in areas 55 fathoms 
and deeper. Spacing of sounding lines, interval of plotted 
soundings, frequency of position fixes and accuracy of fixes, 
are all defined in terss of measurements made on the final chart 
and are therefore a function of the resultant chart scale. 

The second of the standards is that listed in the NOAA 
surveyor's *bible‘. Publication 20-2, The Hydrographic Manual 
of the Coast and Geode t c Survey of the U. S. Department of 
Comsmrce. (2) Survey line spacing, frequency of sounding, 
frequency of position fixing and accuracy of sounding are 
identified both with relation to the final chart scale as well 
as the general depth in the area for which the chart is being 
developed. There is no absolute statement of positional 
accuracy required, rather, specific procedures are identified 
for determining position which it must be presumed will yield 
adequate control. It must be noted, however, chat most of the 
work covered by this manual is close to shore where visual or 
highly precise radio navigation systems are available. 

The third standard is that of the U. S. Navy Hydrographic 
Office as stated in Special Publication SP-4, Technical Speci- 
fications for U. S. Naval Surveys. (2) These are stated in the 
same manner as the International Standards and generally agree 
with them, however, the line spacing is halved and fifty percent 
more cross lines are required. The required positional accuracy 
is the same. The Hydrographic Office Manual in addition 
recognizes a ‘bathymetric survey* although not providing 
specific data accuracy requirements. Navigation ‘in accordance 
with best standard practices* is as far as they go although they 
do acknowledge that 'the value of the data obtained will be much 
greater when the ship's position is determined as frequently and 
precisely as practicable.* 

A summary of Deepsea Ventures' proposed practice for three 
levels of survey is presented in Table 1 and also compared with 
the International Standard. 

From this discussion so far it can be deduced that the 
normal hydrographic chart is primarily concerned with the safe 
navigation of a vessel and not the detail character of the 
bottom. This is an essential difference between the ocean 
miner's needs and those of the normal maritime chart user. 
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An additional difference is that the miner's needs for informa- 
tion increase with distance from land and water depth rather 
than the opposite, which is the need for safe navigational pur- 
poses. In fact it should be noted that the ocean miner's 
requirement is such that he essentially demands charts of the 
accuracy and scale of conventional harbor charts. The diffi- 
culty arises in that these charts must be developed in arecs of 
the deep ocean far removed from the land supported precise 
navigation systems. 

It is expected that, in order to provide the desired 
accuracy figures for the survey vessel, an integrated navigation 
system incorporating: (a) a gyrocompass, (b)a precise log system, 
(c) a satellite navigation receiver, (d) a long range radio 
navigation interface, and (e) a central digital computer will be 
required. Numerous authors, among them Morgan and Stansell 
et.al.lS & 6) t have presented the capabilities of various 
systems, but so far the required accuracy does not appear to be 
fully available, although it does not seem to be beyond our 
grasp. 

One of our purposes in presenting this paper is to identify 
our needs to the navigation community in the expectation of 
uncovering a satisfactory solution. Without this identification 
we cannot expect the industry to develop systems which will do 
the job. 


ADDITIONAL REQUIREMENTS 

A further difficulty with regard to the navigational 
problem develops during the evaluation surveys, when the vessel 
will no longer be operated in a continuous mode on long survey 
tracks. These surveys will involve a great deal of maneuvering 
and repeated stopping to launch and recover sampling devices. 

No longer will we be able to refine our dead reckoning over 
long tracks or collect data amenable to post mission manipula- 
tion to improve our estimates of position. 

While it is true that we will be able to tolerate some 
degradation in positional accuracy at this time, the extent of 
this relief is not so great as to totally avoid any problems. 
During this phase of the operation we would expect to introduce 
Omega data into our integrated navigation system. Omega will 
provide continuous positional data while the satellite system 
will be used to aid in determining the appropriate corrections. 

It is hoped that this type of combined system will be able to 
supply positional data during this period of survey in the order 
of il.O NM on a full time basis. 

The final phase of the exploration program is the conduct 
of detail surveys to develop mining plans for ore acquisition. 
These surveys are also required to identify and locate obstruc- 
tions which must be avoided during the actual mining operations. 
As with the merchant ship entering port, the ocean miner’s 
requirement for positional accuracy has increased to its maximum. 
But the problem does not end there. Because of the data 
required at this time, a deep towed instrument platform will be 
used. This device will include such sensors as: real time TV 

for bottom observation, still cameras for high resolution bottom 
photography, depth and altitude sonars to obtain microbathymetry, 
forward scan sonars for obstacle detection, side scan sonar for 
increased bottom coverage and devices for collection of sediment 
or nodule samples. Now we must know not only the ship location, 
but also the location of the instrument package, and we must 
know these locations within limits unheard of for deep ocean 
navigation. Positions for this phase of exploration are 
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essentially the sane as for the actual mining phase and we 
consider 175 feet aB the realistic requirement. 

Again in a situation similar to the merchant ship in the 
harbor, our navigational requirements no longer need be 
referenced to geodetic position, but can be relative to local 
fixed markers. It is because of this change in system reference 
that we may be able to satisfy this requirement. 

Table 2 provides a brief summary of the accuracies and 
ranges of a number of navigation and position fixing systems. 

The only systems capable of the positional accuracies in the 
order required are the local acoustic systems. 

The use of acoustic equipment during a detailed bathymetric 
survey is discussed by Keibuzinski. (4) The purpose of this 
survey was to form the reference for the Bathymetric Navigation 
System (BNS) used to accurately position the tracking ships 
during the NASA Apollo Project. The detail survey of t K u deep 
ocean accomplished at that time probably provides the closest 
similarity to the survey needed by the ocean miner. 


SUMMARY 

It has been our intention that this short paper oresent to 
the navigation community, the requirements which we, as ocean 
miners, feel will be necessary for the satisfactory accomplish- 
ment of oui goal. Unlike the defense oriented military systems, 
the ocean miner exists in an environment of firm budgetary and 
schedule limitations and his specific desires are often 
significantly affected by these factors. 

We feel that the positional accuracy requirements identi- 
fied herein can be satisfied within the limits of the above 
constraints and will be adequate for our needs. Experience may 
in time demonstrate that our present estimates are either too 
lax or too stringent. 
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TABLE 2 

SUMMARY OF NAVIGATION SYSTEM 
RANGE AND ACCURACY 


| SYSTEM 

RANGE 

ACCURACY 

I Satellite System 

Global 

<200 ft rms 
(fixed location) 

Hyperbolic Systems 
(Long Range) 

Onega 

Loran-A 

| Loran-C 

Global (when 
fully implemented) 
700 nm (day) 

1400 nm (night) 
1200 nm 

1-2.0 nm 
2.0 nm 
250-1500 ft 

Hyperbolic Systems 
(Medium Range) 
Decca Navigator 
Lorac 

Decca Survey 
Decca Hi-Fix 

Rana f&g 

Toran 

Consul 

250 nm 
200 nm 
200 nm 
25-200 nm 

50-76 nm 
400 nm 
700 nm 

0.25-2.0 nm 
15-300 ft 
25-300 ft 

3.7 ft (hyperbolic) 
2.5 ft (2-range) 
30-75 ft 
3-100 ft 
6.0 nm 

Ranging Systems 
Radar (typical) 
LAMDA 
Hydrodist 
Shoran 
EPI 

Raydist DR-S 

420,000 ft 
150-400 nm 
25 nm 
12-40 nm 
12-400 nm 
250 nm (day) 
ISO nm (night) 

t5.0 ft 
15-40 ft 
5-100 ft 
30-50 ft 
135-1500 ft 

•few meters” 

Acoustic System 

Approximately 6 nm 
in 18,000 ft depth 

range within 5 ft 
position within 50 ft 
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ABSTRACT 

A aajor goal of the International Decade of Ocean Exploration 
(IDOE) programs is to expand Seabed Assessment activities to 
perait better management of marine mineral exploration and 
exploitation by acquiring needed knowledge of the dynamic 
processes of the ocean floor and continental margins. Studies 
of the continental margins of South America and Africa are now 
underway. The processes operative at aid-oceanic ridges and 
deep trenches are being investigated on the Nazca Plate and the 
Mid-Atlantic Ridge. The mineral resources of the ocean floor, 
especially manganese nodules, are the subject of several studies. 
Satellite navigation reduced the uncertainty in surveying methods 
to hundreds of meters. Increase pressure for exploitation of 
the seafloor will require a precision location methods with 
undertainties of 2 few meters or less. 

INTRODUCTION 

The International Decade of Ocean Exploration's program in 
Seabed Assessment is designed to increase understanding of the 
geologic processes active along the continental margins, the 
mid-oceanic ridges and the deep ocean basins. Geologists are 
Investigating these processes as part of their efforts to 
understand global ectonics. At the sane tine, these resource 
geologists are discovering that they generate the raw materials 
of industrial civilization, petroleum and heavy metals. The 
projects supported by 100E are designed to be useful to resource 
geologists, but do not duplicate the efforts of oil and mining 
companies. Until the present time, we have been answering first 
order questions and satellite navigation has been adequate for 
our needs. As we undertake more precise measurements, however, 
the requirements for more orecise locations is bound to Increase. 
I plan to review the several areas of current investigation and 
will leave to the potential users of these data the need to 
determine the degree of geodetic precision required. 

CONTINENTAL MARGIN STUDIES 

Our present knowledge of the continental margins is based largely 
on work done by oil companies and, therefore, is greatest for 
the U.S. Gulf Coast, Venezuela, the North Sea, etc. Work by 
oceanographic research institutions has been handicapped by lack 
of multichannel seismic equipment which records deep penetration 
seismic equipment. This equipment is both costly to acquire and 
the data equally costly to process. Our present state of know- 
ledge of continental margins varies from the poorly known areas 
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which have bathymetry only to the well known areas which have 
sedinent and geophysical data. Those that are aoderately known 
have either sedinent or geophysical, but not both. 

Major studies of the continental margins along th South Atlantic 
are now underway. These are known as ‘rifted" continental 
margins because they are formed by the spreading mid-oceanic 
ridge and its associated fracture zones. The continental margin 
of Peru-Chtle parallels a deep trough which is the surface trace 
of the edge of the Nazca Plate as It moves under the continent 
of South America. A third type of margin is the island-arc mar- 
ginal trench system of East and Southeast Asia. Studies in this 
area are just getting underway. 

In the South Atlantic, scientists from Moods Hole Oceanographic 
Institution have completed a systematic study extending from 
Port Elizabeth, South Africa to Lisbon. Although track charts 
concentrate on the continental margin, a few regional lines 
extend out the Mid-Atlantic Ridge. A total of 50,000 kilometers 
of seismic reflection, gravity, and magnetics were recorded. 
Precision bathuetry data and seismic refraction data, using 
sonobuoys, were routinely recorded. Location of lines at sea 
was controlled by satellite navigation. 

These data are now being analyzed. Preliminary reports, however, 
indicate two areas of potential oil accumulation: one in a thick 
sedimentary section off the delta of the Orange River in South- 
west Africa; the other, a large diapiric salt basin extending 
from Angola to Nigeria. The areal extent and thickness of both 
deposits were outlined using geophysical methods, and their 
internal structure has been analyzed using seismic reflection 
and refraction data. 

On one or more of the various tegs, twenty-one scientists, tech- 
nicians, and students from Argentina, Brazil, the Republic of 
the Congo, England, France, Portugal, the Republic of South 
Africa, and Spain participated. Preparatory to the cruise, about 
ISO African and other interested scientists received a bathy- 
metric atlas, and preliminary reports on geomagnetics, gravity, 
and sediments. The profiles and charts of geophysical data from 
the 1972 cruise were printed and distributed in January 1973. 

A similar study, being carried out simultaneously in the South- 
west Atlantic, will extend from the Scotia Arc to the Caribbean. 
This cooperative program involves scientists from the Lamont- 
Doherty Geological Observatory, the Moods Hole Oceanographic 
Institute, Brazil, Arosntina and France. A Brazilian Research 
vessel was equipped under the guidance of MHOI scientists. Teams 
of scientists from Brazil trained to study the mineral distri- 
bution along the continental shelf. Scientists from both Brazil 
and Argentina have received additional training aboard ship and 
in residence at Lament and Moods Hole. Two-ship refraction will 
add greatly to our understanding of the structures of the 
prominent ridges which run normal to the coast line and of the 
great sedimentary thickness such as the Amazon cone. 

He are now reaching the stage where it will be possible to match 
up key features on both sides of the Atlantic. Areas of great 
salt accumulation on the Sao Paulo Plateau appear to be the 
counterpart of the large salt deposits off Angola. Indeed, 
during the early stage of opening of the Atlantic, the Rio 
Grande Rise, a major feature off Brazil, and Malvis Ridge off 
Southwast Africa, may have served as a restricting barrier, 
which not only formed the large salt basins, but also the 
restrictive sedimentary conditions necessary '.o produce large 
scale oil accumulation. The geologic age of the oil fields on 
both sides of the Atlantic is approximately the same as the 
early opening of the Atlantic Ocean. 
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This project Is being followed with great Interest by oil company 
geologists for the value to several fundamental problems in oil 
geology. 

METALL06ENESIS ANO PLATE TECTONICS 

The concept of plate tectonics, that has provided a unifying 
theory to the study of the earth, throws new light on the 
processes of mineral deposit formation. The suites of rocks 
formed in some large mining areas appear to have been formed 
originally under marine conditions. The Kuroko copper deposit 
in Japan and the well-known copper mines of Cyprus appear to have 
been formed by processes now recognized on the mid-oceanic ridges. 
The large scale copper deposits of Peruvian and Chilean Andes 
may be the end product of the processes now active on the Nazca 
Plate. 

As part of its program in Seabed Assessment, the International 
Decade of Ocean Exploration supports basic research proposals 
which contribute to our understanding of the genesis of metallic 
ore formations under marine conditions. The IDOE interest is 
based on hypotheses on the origin of ores which developed out of 
the concept of plate tectonics. Since many metallic ore deposits 
were formed under marine conditions, better understanding of 
these conditions will provide more powerful exploration tools in 
the search for new deposits of strategic metals. Conversely, it 
is recognized that the occurrence of the metals in themselves 
provides evidence of the conditions under which the earth's 
crust is formed. 

The Nazca Plate is defined on the west by the East Pacific Rise 
and on the east by the Peru-Chile Trench. As new crust rises to 
the surface along the East Pacific Rise (EPR), it carries with 
it heavy metals, some of which become part of the crust and 
others are deposited as sediments. The Bauer Basin, which 
parallels the EPR, is particularly rich in metalliferous sedi- 
ments. Since the rate of spreading along the EPR is relatively 
high, the processes producing metals must be quite intense. 

Along the Peru-Chile Trench geophysical data suggest that the 
plate is moving under the South American Continent. The high 
pressures and temperatures at depth may transform the crust 
and sediment and ultimately produce the mineral deposits found 
in the Andes of Peru and Chile. Isotope studies in mining areas 
suggest that the ores were formed under marine conditions. 

Isotopes are being used to test this thesis by tracing key 
isotopes from their sources on the EPR, across the plate and 
across the subduction zone into the mountain front. 

The Hawaiian Institute of Geophysics (HIG) and Oregon State 
University are conductiong a study of the plate margins using 
complimentary geophysical, geochemical and geological techniques. 
Scientists from Colombia, Ecuador, Peru, and Chile are all 
actively participating in the cruises and in the data analysis. 

In addition, a large-scale study of the subduction zone under 
the Andes, as it extends from Colombia south through Chile, is 
being done simul taneously by the Carnegie Institute. Although 
this study goes beyond the scope of IDOE, the data on the sub- 
duction zone has obvious implications for the Nazca Plate 
metal logenesis study and vice versa. 

Studies along the Mid-Atlantic Ridge are being carried out in 
several places. A major project is jointly supported by U.S. 
and French Scientists in an area near the Azores. During the 
past three years, site surveys have aimed at identifying an area 
of unusual seafloor activity. The project will reach its culmin- 
ation this summer when teams of U.S. and French scientists using 
manned submersible crafts will descend to the rift valley. 
Approximately fifty dives are planned: thirty by the US ALVIN 
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and another twenty between the French Archimede and Cy ranus . 

These trained scientists, will make first-hand observations from 
the submersible, take photographs, collect samples and emplace 
geophysical instruments. These data will be evaluated by teams 
of scientists on the R/ V KNORR and plans made for guiding 
subsequent dives to the most interesting scientific sites. The 
Glomar Chal 1 enoer will attempt to drill Its deepest hole to date 
In the igneous rocks of the earth's crust. This will s e compared 
with the section measured along the rift valley. Last August, 
Investigators from the U.S. and Canada drilled a 3,000 foot hole 
in the Azores. The hole encountered submarine volcanic rocks 
and high temperature hydrothermal solutions at shallow depth. 

The hole tempe r d lures (200° C) forced termination of the 
drilling far short of the goal of 5,000 feet. 

Results from all three projects are being coordinated and should 
provide valuable insights into those processes driving the ridge 
apart and others that are concentrating heavy metal deposits. 

MANGANESE NOOULES 

The third major area of investigation is the origin and distrib- 
ution of manganese nodules. It is estimated that approximately 
25% of the ocean floor is covered with these deposits and that 
their total weight approaches 60C million tons. "Polymetallic" 
nodules is a more descriptive term, since in addition to high 
percentages of iron and manganese, nodules may contain a variety 
of minerals including copper, nickel and cobalt in economically 
attractive amounts. Although the existence of the nodules has 
been known since the days of the first Challenger expedition In 
1871, they have remained largely a geological curiosity until 
the steady rise in the price of copper made mining feasible. 

The factors which control the copper and nickel content are not 
clearly understood, at least not to a degree where large scale 
mining operations can begin with the assurance that the presence 
of nodules with consistent high metal content can be predicted. 
Under the 1D0E/SBA program, therefore, focus is placed on the 
origin and distribution of the nodules. A workshop was held at 
Lamont, in January 1972, which brought together all interested 
parties. There was widespread agreement that substantial amounts 
of data were available but not yet published. Phase 1 of the 
I DOE project, therefore, was to publish a series of world wide 
synoptic maps of the chemical composition of the nodules and the 
chemical and physical properties of the substrate. As a result, 
it appears that an area near Hawaii is particulartly rich in 
copper and nickel. Phase II is now underway and will sample 
this area extensively. Twenty teams of scientists will analyze 
the results in order to get a better understanding of the 
processes which form the nodules. If a working hypothesis can 
be developed, then we envision Phase III as an effort to test 
this hypothesis in other parts of the world. 
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ABSTRACT 

The National Oceanic and Atmospheric Administration's 
marine geodetic requirements and mission are discussed. A 
recent experiment involving the location of offshore structures 
by Doppler satellite methods is discussed, and the results of 
this experiment are given. A plan for the cooperative extension 
of the offshore National Horizontal Control Network and NOAA's 
policy on the reduction of Doppler satellite observations are 
presented. 


INTRODUCTION 

The Department of Commerce's National Oceanic and 
Atmospheric Administration has he sole responsibility for a 
number of integrated scientific programs in the marine area. 
Specifically, NOAA conducts research in the atmosphere, air* 
sea interface, in the ocean, and on land. 

NOAA'S MARINE PROGRAMS AND REQUIREMENTS 

The two marine programs within the scope of NOAA's 
responsibility, that are of interest to this gathering, are 
the marine charting program and the marine geodetic program. 

A. Ocean and Coastal Charting 

The principal mission of NOAA's National Ocean Survey 
and its predecessor, the Coast and Geodetic Survey, is, 
and has historically been to conduct mapping surveys 
of the coastal and ocean areas. Originally, the 
sole purpose of these surveys was to promote commerce 
along the coast by providing marine charts and other 
data to aid the navigator. However, today NOAA's 
marine mapping program has expanded into a multi- 
disciplined program. 

NOS '3 change from a small charting agency to a multi- 
faceted marine organization resulted from NOS taking 
advantage of a data base that extended back to the early 
nineteenth century. The primary bathymetric, tidal, 
geologic, and physical water data collected by the 
Survey provide a long time series from which valuable 
scientific results can be obtained. Over the years, NOAA 
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has expanded its marine programs to meet the ever- 
increasing National need for marine data and marine 
products. 

In addition to the well-established responsibility 
for providing a variety of data in the marine regions, 

NOAA has also been responsible for determining various 
marine legal boundaries. Some of theBe boundaries are 
based upon low-water base lines which are determined 
by NOAA, and are additionally referenced to the National 
Horizontal and Vertical Datums. 

Today NOAA' s major marine use of the National 
Horizontal Control Reference System, or Horizontal Datum, 
is in the positioning of vessels engaged in bathymetric 
charting surveys. Recent developments in the marine area 
and advanced technology dictate that accurate geodetic 
positions be established and permanently marked in the 
ocean areas. Large-scale hydrography, necessary for 
detailed offshore site planning, cannot adequately be 
accomplished without an accurate, well-spaced geodetic 
reference network offshore. 

B. Geodetic Reference System 

NOAA and its predecessors have been expanding and 
developing national spatial reference systems since 
181C. These systems are the National horizontal and 
Vertical Control Networks to which most state and 
national boundaries are referenced. 

The extension of the horizontal and vertical control 
networks into the marine area logically followed the 
requirement for positional information offshore. Prior 
to offshore mineral development, NOAA's only marine 
geodetic requirement was the positioning of vessels 
engaged in survey activities. However, today many 
industries require a well-monumented, accurate offshore 
reference network. 

MARINE GEODESY WITHIN NOAA 

NOAA's mission in marine geodesy is a natural result of 
its original coastal mapping and land-based geodetic statutory 
responsibilities. The congressional charge to survey the 
coasts included the delineation of low-water lines) and the 
position of this low-water line has recently been used as a 
base from which various territorial boundaries are derived. 

The determination of geodetic positions of points in the 
marine area is a logical extension of the horizontal survey 
control network on land. An example of this extension is the 
offshore mineral lease boundary delineation. These lease 
boundaries are described in terms of state plane coordinates 
which are, in turn, derived from geodetic coordinates referenced 
to the horizontal survey control network. 

A. NCAA's Marine Geodetic Mission 

NOAA's marine geodetic mission is Identical to its 
National mission of providing and maintaining survey 
control networks. Monumented points in these networks 
are planned to be of sufficient density so that major 
boundaries and features can be located from the network 
mor rtents. 

This does not mean that NOAA is responsible for 
individual boundary determinations. Locating offshore 
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lease boundaries, and insuring that drilling, mining, 
and other activities are confined to the proper lease area 
are the responsibility of the private sector. Privately- 
owned surveying firms are currently providing offshore 
developers with excellent service in this regard. 

However, it is NOAA's responsibility to see that there 
are sufficient offshore network reference monuments so that 
the private sector can conveniently and adequately do its 
job. 


B. History of Network Extension into the Marine Area 

The extension of the national survey reference networks 
into the offshore area has logically followed technical 
offshore development. As lease parcels further offshore 
began to be developed, interest in parcel boundary 
location and state-federal boundaries prompted NOAA to 
make tidal and horizontal surveys in marine areas. In 
1959 the first major low-water line delineation survey 
was undertaken off the coast of Louisiana. This survey 
has become the standard for state-federal offshore 
boundary determinations. 

The Horizontal Control Network was first extended into 
the marine area in 1955 at the request of the ."'ffshore 
Petroleum Industry. This survey, and a subsequent survey 
in 1963, used conventional triangulation procedure.- to 
extend the control network into the offshore areas. 

These surveys were a logistics nightmare. Person.iol 
and equipment had to be transported by boat from staging 
areas onshore to offshore rigs — at times under severe 
weather conditions. When adjacent platforms were widely 
separated, Bi’by steel towerr. had to be erected on platform 
decks. The conventional triangulation procedures proved 
to be costly, but were the only means available at the 
time to provide accurate offshore positions. 

C. NOAA's Present Marine Geodetic Experience 

The use of Doppler satellite positioning equipment 
is a relatively new method that is described in detail in 
numerous papers on the subject. NOAA's experience with 
satellite systems to date includes both onshore and off- 
shore position determinations. 

NOAA is currently systematically determining the 
position of approximately 100 horizontal control points 
throughout the United States by Doppler satellite 
techniques. These points will be used in the redefinition 
of the new North American Horizontal Datum, expected to be 
established by 1980. 

In the early part of this year, NOAA teams occupied 
two offshore drilling platforms to test the feasibility of 
using Doppler satellite positioning of offshore structures. 
Chevron Oil Company platform number 160A, located about 
40 miles offshore, was occupied in early February, and 
Pennzoil platform 587A, 100 miles offshore, was occupied 
in late February. Both of these occupations by NOAA 
Geoceiver teams followed the same procedure that is used 
for positioning land stations: that is, 40 passes of a 
Navy Navigation satellite were observed with a Magnavox 
Geoceiver, and the point was permanently marked. Although 
Doppler satellite receivers have been used aboard ship for 

S avigation for some time, NOAA had not previously used a 
eoceiver to position an offsnore structure. 
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The Chevron platform occupied had been positioned by 
conventional surveys in 1963. This structure provides a 
base or reference to wh^ch the Geoceiver position can be 
compared. 

The second structure, 100 miles offshore, had been 
previously located by a private surveying firm. 

The operational test conducted by the NOAA team 
provided a realistic appraisal of the applicability of 
using this method to position offshore structures. Since 
no major problems were encountered, the project was an 
operational success. It was therefore concluded that 
Doppler satellite positioning would be highl” adaptable 
to offshore use. 

D. NOAA's Future Marine Geodetic Programs 

NOAA recognizes the fact that a continuing need for 
network reference monuments exists in the marine area. 
Research into improved techniques for providing ocean 
monumentation is a continuous search. Current advances 
in technology are being monitored by NOAA with the 
anticipation that new and improved instrumentation may 
someday solve the permanent geodetic marker problem. 

Due to practical considerations, network markers 
now must be placed on existing offshore platforms. Since 
1963 over 400 offshore platforms have been erected and 
located by private surveying firms. In most cases, the 
techniques used to locate these structures provide 
excellent positional information that can then be reused 
to locate additional platforms. However, from NOAA’s 
point of view, positions obtained by private surveyors 
cannot be accepted and published by the Federal Government 
without verification. 

NOAA’ 8 policy of publishing positions of network 
points, that are doubly determined, has been strengthened 
by the numerous court decisions based upon the near 
infallibility of network markers. 

Geodesists within NOAA have arrived at a scheme u.%t 
will satisfy both the federal requirement for positional 
integrity and also take advantage of the voluminous survey 
work performed by private contractors. It has been 
proposed that Doppler satellite positions be established 
on key offshore platforms, to which observational data 
determined by private firms could be referenced. For 
example, if the corner stations in a rectangular array 
were positioned by Doppler satellite techniques, other 
platforms in the area could be located from the satellite 
positioned structures. The corner stations in the array 
could be held fixed, and the observed distances between 
contiguous platforms would be used in a least squares 
solution to minimize the errors in the platform locations. 
This scheme provides sufficient verification of the survey 
work so that the positions of all stations in the array 
could be published and thus officially sanctioned. 

Implementation of this scheme to publish positions of 
existing offshore structures will, of course, require the 
cooperation of both federal and private organizations. 
However, it is anticipated that the benefits to be derived 
from this cooperation will be of significant value to all 
concerned, and that private firms will relinquish proprie- 
tary data for the benefit of the public. 
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When a Geoceiver is used, the positioning of key 
structures by the Doppler satellite technique provides 
sufficient redundancy and internal checks so that it would 
be possible for NOM to certify the isarker location by 
processing Doppler data collected by non-NQM survey teams. 
This means that other federal, state, or private organiza- 
tions can use Doppler satellite positioning equipment, 
perform observations accor ling to specified MOM scheme, 
and have MOM process and publish the location of the 
surveyed point for a nominal charge. 

MOM geodesists responsible for the satellite program 
are willing to meet with individuals interested in 
establishing satellite positioned points and discuss 
NOM's program in detail. To date, NOM has only 
processed Geoceiver data collected by federal organisa- 
tions, r however, no problem will L encountered by 
private firms wishing to use NOM' ,, processing 
capabilities. 

In this paper, the Geocerver is specifically mentioned 
as the Doppler satellite positioning device — mainly because 
this particular instrument is the one currently by 

NO. . other equally accurate instruments may eventually 
bee ‘ available; however, to date no other instrument has 
been demonstrated to NOM that has the Geoceiver' s 
capability. 

The following steps are involved in determining a 
precise geodetic Doppler satellite position: 

1. Observe approximately 40 passes of a 
specified Navy Navigation satellite. 

This requires about 10 days. 

2. Submit the data to NOM for processing 
in mutually agreeable format. 

3. NOM will then request the post- 
ephemeral data from the Naval Weapons 
Laboratory. 

4. The post-ephemeral data is matched to 
the observed data, and a geodetic 
position of the point is determined. 

This entire process normally takes from six to ten 
weeks, depending on workload, request and receipt of 
post-ephemeral data, and related considerations. It is 
expected that qovernment and private surveyors could 
receive gee letic positions of points about two months 
after they submit their observed data to NOM. 


Individual programs wil’ be reviewed by NOAA, and any 
help th. t car. be given co the private as well as public 
sector will be gladly given. Satellite positioning holds 
promise for the future, in that geodetic positions can be 
determined for remote points fairly easily and rapidly. 
NOM accepts the challenge of this new method and hopes 
to be in the vanguard for developing new and improved 
programs and services for the benefit of the public. 

The advantages of the Dopp *r satellite system are 
such that point positions car be established rapidly and 
economically in an absolute sense. This method provides 
only latitude and longitude; however, azimuths must be 
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determined by another Method such as astronomic observa- 
tions. Furthermore, intervisible structures can be 
readily located by conventional methods. 

NCAA recoamends that Doppler satellite positioning 
be used in combination with triangulation and tri late ra- 
tion to position offshore structures. 
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ABSTRACT 

Topographic features of the sea surface of interest in 
physical oceanography are briefly reviewed and the relationships 
between these features, the marine geoid, and satellite alti- 
meter measurements are discussed. Oceanographic requirements 
on measurement of the marine geoid are laid out in light of 
forthcoming attempts to determine ocean topography from space- 
craft. Sampling intervals for al timet ric data in time and space 
are suggested, and methods of separating geoidal and oceanogra- 
phic components offered. 


INTRODUCTION 

The suggestion that precision altimetric measurements made 
from spacecraft could be used to observe several interesting 
oceanographic phenomena' has led to a set of measurement re- 
quirements on the marine geoid that are very difficult to meet. 
A root-mean-square precision in geoidal heights of ♦ 10 cm, 
relative to the center of suss of the earth, has been specified 
as one ultimata requirement for determining the global ocean 
circulation with a precision of order + 20 cm/s in the surface 
current speed. In this paper we will sketch out the oceano- 
graphic features to be addressed, briefly explain their rela- 
tionships to the geoid, and offer suggestions for arriving at 
the measurements of interest. 


TOPOGRAPHIC FEATURES OR THE OCEAN SURFACE 

The explanation of the steady-state and time-varying 
departures of the ocean surface — termed sea surface topography — 
from a gravitational equipotential surface is found from the 
application of the hydrodynamic equations to the case of fluid 
flow on a rotating earth. From the momentum equation for a 
nonviscous fluid, 

•jY ♦ u *Vu ♦ 2 !?x u » - i 7p - q, 

one takes the vertical (s) component to obtain the hydrostatic 
equation for steady, uniform flow: 
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the horizontal ctwponent yields the so-called qeostrophic flow 
equat ions 1 : 


(2 2xu) . 


i V. p 
P h 


This last equation states that, for steady flow at a velocity 'S 
to exist on an earth having a rotational angular velocity £1, a 
horizontal pressure gradient 7j,p oust develop _to offset the 
horizontal component of Coriolis force, (2 ’xu) h . This hori- 
zontal gradient is obtained via the fluid tilting itself with 
respect to the local level surface, or geoid, in such a way as 
to just balance the Coriolis force. For present purposes, we 
define the geoid to be that surface assumed by a uniform, 
motionless ocean on the rotating earth, in the absence of tidal 
forcing, wind stress, and barometric pressure variations. 


The slope of any isobaric surface, relati.e to the geopoten- 
tial surface, tan y, can be simply related to the fluid velocity 
at that surface and the Coriolis parameter f - 2f!sinA, where A is 
the latitude. In particular, for the r .'ee upper surface of the 
ocean, the surface speed u due to this geostrophic balance is 
given by 

u o * £ tan V (1) 


so that surface slopes, relative to the geoid, measure surface 
current speeds. 

Although it is not apparent from this simple derivation, 
the velocity, u 0 , as given by F.q. (1) is a combination of baro- 
clinic and barotropic components. The baroclinic component is 
due to horizontal density gradients in the ocean and gives rise 
to vertically varying velocities. A barotropic current system is 
constant throughout the veritical water column and can exist in 
a homogeneous ocean. A barotropic current system can be measured 
by measuring the surface slope. It is the combination of the two 
currents that is measured hv altimetrv at the ocean’s surface. 


The slopes of even rapidly moving current systems such a.. 
the Gulf Stream are very small, of order 1-2 x 10* s for speeds 
of order 200 cm/s ec. Figure 1 shows a typical rise in the sur- 
face of the Gulf Stream in traversing across the current from 
west to east; a one-meter elevation occurs over a cross-stream 



Fig. 1 - Topography of northwestern 
boundary of Gulf Stream sh 
balance between Coriolis f • 
and horizontal pressure greu. . t 
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distance of approximately SO km, which, according to Eg. (1), is 
due to a surface speed of approximately 200 cm/s at A * 40 1 . 
Figure 2 illustrates the overall relief of the western Atlantic 
as calculated from long-term current averages for that area; the 
elevations are given in centimeters relative to the geoid’. It 
is seen that, while the slope of the northwest edge of a western 
boundary current is relatively steep, the general circulation 
away from the boundary currents results in a topography whose 
slope may be of order 10”’ in mid-latitudes. Such small values 
may be very difficult to determine from spacecraft. 
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Fig. 2 - Topographic relief due to 
averaged currents in the 
western Atlantic (Defant 2 ) 
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Rather than being stationary flows, the Gulf Stress, the 
Kuroshio, and other major current systems undergo considerable 
variations in space and tine . as described by the full hydro- 
dynamic equations. An example of such wanders is shown on 
Figure 3, which illustrates the positions of the northwest edge 
of the Gulf Stress as determined by Hanson* during approximately 
15 months of ship cruises; the spatially growing wavelike fea- 
tures have a period of order 40 days and a wavelength of about 
300 k». In this region, the position of the stream axis nay 
shift by amounts exceeding 300 km. Smaller, higher frequency 
excursions are observed elsewhere. This dynamic behavior dif- 
fers dramatically from the climatologically averaged picture 
given in Figure 2, and measuring the variable currents requires 
reasonably dense sampling in space and time. 



Fig. 3 - Gulf Stream meanders during 
September 1965 - August 1966, 
with CEOS-C suborbital tracks 
superimposed (Hanson*) 


In addition to currents and their associated dynamic topo- 
graphy, many other phenomena lead to departures of the ocean 
surface from the geoid. Astronomical tides, whose range in the 
open ocean may vary from essentially zero to greater than 100 cm, 
occur at well defined frequencies, some five of which contain 
95 per cent of the tidal energy. There is considerable spatial 
variation in the tidal ranges, with the existence of amphidromes 
(nodes) in the oscillation patterns being a prominent feature 
predicted by existing tidal models 9 . Only a few dozen deep-sea 
tide measurements have ever been made, so tide models have littfe 
experimental verification. 

Long-term wind stress such as trade winds blowing over the 
ocean will pile up water against the edge of a continent to a 
height of order one meter. Such a steady-state setup may be 
difficult to distinguish from geoidal undulations. Short-term, 
time-varying wind effects due to storms may lead to surges whose 
height can approach 10 meters over several tens of kilometers 
along a coast, during a hurricane; such inundations last (fir 
only a few hours, however. Atmospheric pressure loading Also 
leads to variations in sea level of about one centimeter per 
millibar of barometric pressure change, over scales that corres- 
pond to the size of atmospheric pressure cells. Finally, tsu- 
namis and ocean surface waves lead to topographic variations 
ranging from perhaps 50 cm for the former to over 30 m for the 
latter. 
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REQUIREMENTS FOR THE MARINE GEOID 

In light of the previous discussion, it is apparent that 
the maximum oceanographic signal, disregarding waves and local- 
ized storm surges, is a departure from the geoid of order 1.5 
meters, and the associated relative slopes are of order 10"’. 

If a 10 per cent measurement of surface slope is to be obtained 
from the differencing of satellite altitude, orbit and geoid 
measurements*, it is obvious that the overall noise in these 
combined measurements must be of order + 15 cm over arcs of 
approximately 1000 km length. A measurement with this accuracy 
would yield surface currents with a precision of about + 20 cm/s, 
which, in oceanographic terms, is quite a sizable valued (Cur- 
rents considerably less than 20 cm/s are of interest: at pre- 
sent, there is no spacecraft method apparent for measuring 
these, with the exception of drifting buoys whose positions are 
relayed through data collection systems on satellites.) 

Figure 4, taken from Fubara and Mourad 7 , shows the various 
earth-oriented surfaces associated with satellite altimetry. 

For oceanographers, the desired quantity is the sea surface ele- 
vation, GS • n(A,$,t) , expressed as a function of latitude and 
longitude. A, 4, and time, t. This wi. 1 ! be obtained by simple 
(but onerous) differencing of the geocentric orbit radius 



FICURE a. REPRESEHTATION Or SURFACES ASSOCIATED 
WITH SATELLITE ALTIMETRY 

C • Earth'* Cantar of Gravity 
E - Surface of a Caocantr 1c Reference Elllpeotd 
C > Geoid (the u.idliturbed Mean S*. Level) 

S • Kean Xnatantaneoue Sea Surface (HISS) 

0B - Mean Satellite Orbit 
T • Satellite Altlaeter at an Inatant 
M - An Arbitrary Surface Defined by a "Hardware" 
Calibrated Altlaeter 

Fig. 4 - Surfaces associated with 
satellite altimetry 
(Fubara and Mourad ) 
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CT » r(A,$,t), the geoidal height CG * h(A,$) , and altimeter ele- 
vation ST * p ( A , $ , t ,T) , via 


n - r - p - h. (2) 

He have explicitly noted a two -time -scale variation in p via t 
and T. Assuming an error budget of 6r * 10 cm for the orbit 
determination, 6p * 7 cm for a precision altimeter (as pro- 
jected for Seasat-A, say) and 6n * 15 cm for sea surface topo- 
graphy, as specified above, an rms combination of these errors 
yields 

<5h “ 10 cm 

as the allowable geoidal precision. Larger, constant biaser are 
of course permissible since they have little effect on slope 
measurements. 

An up-to-date geoidal calculation'* that uses a combination 
of satellite orbital geodesy and integrations of marine gravity 
data is shown on Figure 5. The contours here are given at one- 
meter intervals relative to a reference ellipsoid of flattening 
1/298.255. It is impossible to accurately estimate the errors 
associated with this calculation, but they are unlikely to be 
much below 5 m rms. Early evidence from the Sky lab altimeter’ 
showing a 4-ra undulation associated with the Blake plateau east 
of Florida suggests high-frequency, 5-m undulations are probably 
•nvisible in this model. Thus the oceanographic requirements 
for a 10-cm geoid are at present away from realization by a 
factor of order 50. 

The question of how to resolve the small, high-frequency 
geoidal undulations from similar-sized oceanographic ones can 
be partially answered by using the two time scales, t and T, 
noted above in Eq. (2). Oceanic features (Gulf Stream meanders, 
tides, etc.) tend to have long-term variations compared with the 
smoothly varying satellite changes and can be separated out by 
appropriate filtering or averaging 10 . The remaining steady- 
state undulations are then either geoidal or are oceanographi- 
cally constant in time. An additional clue to separating these 
comes from noting the strong relation between high spatial fre- 
quency geoidal undulations and the local ocean-bottom topography, 
at least for bathymetric features removed from the abyssal 
plains, as pointed out by Talwani 1 *. 

After the temporal and spatial differences between oceanic 
and geodetic undulations have been taken into account, there 
will remain a body of unresolved topographic features in alti- 
meter data that will be not clearly ascribable to one class or 
the other. These may only be removed by patient work at sea, 
through shipborne gravimeter, density, and current measurements, 
indeed if at all. Clearly this is a long-term process. 


CONCLUSIONS 

If satellite altimetry is to usefully measure ocean cur- 
rents and tides, it will be necessary for decimeter-level 
precisions to be achieved in orbit determination, altimeter 
measurements, and geoidal undulations. The geoid should be 
specified with an rms precision of order 10 cm on a grid of 
approximately 20 km spacing over the unfrozen oceans of the 
world. Along-track averaging intervals for altimeter data of 
order 10 km are required; areas several hundred kilometers on 
a side must be sampled often enough to meet a time-space 
Nyquist sampling criterion for variations having monthly time 
scales and 100-km space scales. The process of separating out 
oceanographic from geodetic variations will require the use of 
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ancillary data, several iterations* and much time and energy. 



Fig. 5 - Geoid in western Atlantic as 
derived from satellite orbit 
perturbations and marine gravity 
measurements (Vincent, Strange, 
and Marsh') 
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SEASAT-A - A USER ORIENTED SYSTEMS DESIGN 


S. Walter McCandleas, Jr. 

National Aeronautics and Space Administration 


Abstract: The SEASAT-A program began with users of ocean dynamics 
data getting together in the spring of 1973 to discuss measurement require- 
ments. Since that time, SEASAT-A las become a new start (FT 73) NASA 
program dedicated to satisfying these user desires. It was important to 
have a working interface between Users and System Designers during the 
early phases of project definition. These past dialogs and working inte- 
gration meetings become even more Important, and serve as the key 
ingredient, in the successful conversion of user requirements into a 
system which creates user products. This paper describes this process 
during development of the SEASAT program by showing how user require- 
ments influenced instrument selection, mission planning, satellite systems 
design, and the end-to-end data system. These elements all form part of 
the systems design depicted in Figure 1. 


SEASAT-A INSTRUMENTS 


Each of the instruments or sensors proposed for SEASAT-A has 
had predecessors which have been flown successfully in both aircraft and 
spacecraft. The instruments carried aboard Apollo, Sky lab, and the 
development of GEOS-C, to be flown this year, provide confidence that 
the specific hardware for SEASAT-A has a high degree of inheritance as 
shown in Figure 2. The selection of ocean-sensing instruments was made 
in accordance with user measurement requirements set forth during NASA- 
sponsored meetings in early 1973. The sensors form a set of mutually 
supportive devices wherein the total information derived from the Integrated 
sensor system would be greater than the sum of mission mutually exclusive 
sensors. While it is impossible to meet user data requirements in their 
totality because of limitations of mission design and system performance, 
the four sensors described below constitute a large first step toward an 
optimum configuration. 

1. Compressed Pulse Radar Altimeter . The altimeter of SEASAT-A 
will have two separate functions: first, to measure the altitude between the 
spacecraft and the ocean surface to -10 cm root -mean -square and second, 
to measure wave height from one to about 20 meters with an accuracy of 
0. 5 m or 10%. 

This instrument is a newer and more accurate version of the Sky lab 
radar altimeter, S-193, and is similar to the altimeter which will fly on 
GEOS-C early next year. The Sky lab altimeter was the first to give a 
continuous direct measurement of the sea surface topography from a 
satellite. 
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Prominent surface depressions due to deep ocean trenches and 
corresponding elevations resulting from seamounts, plateaus, and ridges, 
already roughly observed from Skylab, will now be more precisely 
measured. Having a measurement precision of - 10 cm will enable the 
SEASAT altimeter to identify and "see" such time-varying features as 
intense currents, tides, wind pile-up, and storm surges, ft should also 
be capable of locating and mapping ocean surface currents ranging up- 
wards from 30-50 cm/sec since the slope of the surface is proportional 
to the surface speed. 

The measurements of sea state or wave height are a source of 
error and are required in order to reach a 10 cm precision in altitude. 
Additionally, sea state measurements are valuable in their own right, 
since combined with surface wind measurements they can be used to make 
world-wide sea state forecasts. 

2. Coherent Synthetic Aperture Imaging Radar. Wave pattern and 
dynamic behavior information will be obtained Dy using the coherent 
imaging radar to obtain images of the ocean. The device will yield images 
of waves of lengths in the 50- to 1000-meter range and can establish a 
wave direction correct to within -10° to -20°. Wave heights may be com- 
puted from the data for fully developed seas but the length/height relation- 
ships for developing seas needs the wind and wave information from other 
SEASAT -A sensors in order for the theory to be established. Potentially, 
th< imaging radar can function through clouds and nominal rain to provide 
wave patterns near shoreline and also high resolution pictures of ice, oil 
spills, current patterns and other event features. The data rate from any 
fine resolution imaging device is necessarily high and onboard data pro- 
cessing for global data collection and storage is costly. For SEASAT-A, 
an experimental radar will allow Judicious use of the device with specific 
mission limitations relative to global coverage. Nevertheless, it will be 
possible to sample wave spectra over significant areas of the ocean within 
line of sight of any EltTS ground stations. The images will be especially 
useful for the mapping of ice leads and open water and will yield synoptic 
ocean data near potential offshore nuclear power plant sites, deep water 
oil ports, harbors, breakwaters, and other coastal developments in North 
America. 


3. Microwave Wind Scatterometei This third active radar system 
is intended to measure wind speed In the range from about 4 m/sec to 

26 m/sec with an accuracy of 1 2 m/sec or tl0%. Inherited from the Skylab 
experimental scatterometer, it will determine wind direction in the range 
from 0 to 360 degrees with a direction correct within -20°. The scatter- 
ometer will take measurements over two 460 km -wide swaths equally dis- 
placed about the nadir by 235 km. 

4. Scanning Visible/Infrared Radiometer (SR). This sensor, 
originally flown on ITOS, will provide images of visiEle and thermal 
infrared emission from oceans, coastal and atmospheric features in 
support of the other instruments, and will help identify currents and storms. 
From its imagery, clear weather temperatures can also be deduced. 

MISSION DESCRIPTION 


The SEASAT-A spacecraft is tentatively scheduled for launch in the 
early part of calendar year 1978 into a nearly circular orbit with an 
eccentricity less than 0. 006 and an altitude of approximately 800 km. 

Figure 3 identifies the Important mission parameters. The orbit will be 
inclined 108° to the Equator with a period of 6045. 0 1 . 1 second (100 minutes 
45 seconds), resulting in about 14 1/3 orbits per day. This orbit is non- 
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sun -synchronous and will precess through a day/night cycle in approximately 
3. 5 to 5. 5 months. 

Launch in the spring allows for an early sequence of instrument 
demonstration and calibration following acquisition, orbit establishment 
and trim and deployment of antennas, arrays, etc. This permits the user 
data products to be available during the northern winter months when the 
range of wind and wave conditions in the northern hemisphere is most 
active. While in this configuration, efforts will be made to coordinate 
ground truth experiments with sensor operations, data acquisition , and 
timely delivery to evaluators. 

The major ground coverage requirement for SEASAT-A is 36 hours 
for about a 95% cove 'age of the earth's surface (assumes instrument swath 
width of 1000 km). Several candidate fill-in -patterns are possible to 
achieve a required 10-nautical-mile grid (referenced at the Equator) of the 
subsatellite nadir track for geodetic purposes in three to six months. 

It should be noted that while spacecraft velocity is typically about 
7. 45 km/sec at 600 km altitude, the motion of the ground track is only 
6.62 km/sec. Of the five sensors to be carried by SEASAT-A, only the 
compressed pulse radar altimeter will be limited to measurements along 
the subsattllite track. The other instruments have considerably extended 
ranges with the following swath coverages of the ocean: 

Synthetic Aperture Imaging Radar--one 60- to 100-swath 
displaced from nadir by 200 km 

Visible ttnd Infrared Radiometer--full track or horizon-to- 
horlj.on 

Microwave Wind Scatterometer--two 460-krr swaths equally 
displaced about nadir by 235 km 

SATELLITE SYSTEM AND SUBSYSTEMS 


The satellite system has not been a major concern in SEASAT. 
Preliminary investigations in the feasibility phase identified a number of 
existing satellite buses developeu for other Air Force and NASA programs, 
as shown in Figure 2, which already had the support capabilities needed 
by SEASAT. Further in-depth studies with specific contractors have only 
confirmed and expanded this concept. Thus, a group of sensors could be 
integrated on either a separate but simple sensor-module structure or on a 
sensor-module structure already in existence from another program. This 
senBor module could also contain any sensor unique data system components 
in terms of data storage, handling, or processing capabilities. The module 
could then have a clean attachment Interface with an existing spacecraft 
bus which furnishes power, attitude control, telemetry, tracking, command, 
and orbit adjust. Many of these buses also have data storage and handling 
capability within the existing designs. The satellite systems design approach 
Is outlined in Figure 4. These existing satellite systems and available 
launch vehicles (Atlas E/F or Delta) provide adequate weight margins 
ranging from 1.4 to 1.8 over the estimated requirement, and the satellites 
have space histories exceeding the one year design life of SEASAT-A. 

Sensor module subsystem elements are existing designs and/or hardware 
and exist in most cases as part of ongoing and continuing programs. 

The most important SEASAT-A program objective is to place most 
of the program money on the project-peculiar sensors and direct sensor 
support subsystems. To accomplish this, the selection of an existing 
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low cost 8 t “fecraft bus supplying the requisites (or satellite support is 
essential; and selection of the specific existing spacecraft to be used for 
3EASAT-A must necessarily be made early In the program so that sensor 
and sensor support subsystems design and integration planning can take 
advantage— low cost— of the peculiar attributes of a siecific existing 
spacecraft. 

END-TO-END DATA SYSTEM 


In the SEASAT-A end-to-end data system, the concept of an inte- 
grated data system design, from the conversion of sensor response into 
digital data, to the output of information requested by the t'sers, is an 
important part of systems design and program planning. Figure 5 
illustrates the scope of the end-to-end data system. Included in such 
a system design are tradeoffs of which function, performed on the data 
as it travels through the system, should be performed both on the 
ground and on the satellite. 

For the standard satellite-to-ground link through the STDN network, 
the real-time rates of all the instruments except the imaging radar can be 
handled on the unified 8-band. The real-time rates for the imaging radar 
would be transmitted on separate wideband S-band links. 

The SEASAT-A mission operations will be planned for a nominal 
one-year duration, with at least one tracking and real-time telemetry pass 
per orbit, and one "command" pass per day for reprogramming a possible 
onboard computer. The data processing requirements will be primarily 
for non-real-time data package production, but a real-time mode of datt 
handling and dissemination, with a delay of three hours c t less, is 
possible on a limited operational demonstration basis. 

Beginning during the feasibility study phase of SEASAT-A, which 
took place in early 1973, NASA sought the involvement of the "user" 
community— the agencies and institutions that are the intended users 
of SEASAT-A data. The continuation of this involvement insures that the 
needs of the oceanographic organizations will be met and that the types and 
quantity of data to flow from the spacecraft and its associated ground-based 
data handling systems will be as meaningful and useful as possible. 

In summary, the program objectives of SEASAT-A are to: 
Demonstrate a capability for - 

1. Global monitoring of wave height and spectra, surface 
winds, ocean temperature and current patterns. 

2. Measuring precise sea surface topography; detecting 
currents, tides, storm surges, and tsunamis. 

3. Charting ice fields and 1 rads. 

4. Mapping the global ocean geoid. 

Provide data (or user applications - 

1. Predictions of wave heights and spectra, and wind 
fields for ship routing, ship design, storm-damage 
avoidance, coastal disaster warning, coastal protection 
and development, and offshore power plant siting. 
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2. tfaps of camat pattens and temperatures (or ship 
routing, fishing, pollution dispersion, iceberg hazard 
aroMuce. 

3. Charts of ice fields and leads far navigation and 
weather preuiction. 

4. Ocean geo id fine structures. 

Demonstrate the key features of an operational system • 

1. Global sampling. 

2. Near-real-time data processing and dissemination. 

3. User feedback for operational progra mm i n g. 

Demonstrate economic and social benefits of user agency products. 

While many of these objectives can be achieved by the receipt of 
quality data iron- SEA3AT-A, it will still be necessary to have the support 
and commitment of interested user organizations in order to derive the ful> 
scientific and economic benefits from the information derived from this and 
ndsiqimt spacecraft systems devoted to remotely sensing the ocean 
environment. 
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MEASUREMENTS 

• GUMML OCEAN TOPOGRAPHY - 10 < tOcs PRECISION (RELATIVE ACCURACY I 

• GLOBAL AVERAGE WIND SPEEO AND DIRECTION - *2 mli AND llO Mr ACCURACY 

• GLOBAL HI NO SPttO AND DIRECTION - *2 n/s AND ±2D Beg ACCURACY 

• LOCAL IMAGES LICE. CURREK COASTAL, OIL SPIU, etc.) - K-ra 
DESOUiriON 

• WAVE LENGTH SPECTRA - LENGTH ACCURACY ifflv DIRECTION 110 deg 

SENSORS 

• RADAR ALTIMETER 

• MICROWAVE SCATTEROMETER 

• EXPERIMENTAL SYNTHETIC APERTURE RADAR 

• VISI81EMR RADIOMETER 

MISSION DESCRIPTION 

• HIGH INCLINATION 1108 BqL NEAR CIRCULAR (2.005*1. NON-SUN 
SYNCHRONOUS ORBIT (-800 km ALTITU0EI 

• 9» GLOBAL COVERAGE IN X hr 
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DETERMINATION OF MARINE BOUNDARIES AT SEA AND 
THEIR GEODETIC IMPLICATION 


Lieutenant Janes A. Waxier, NCAA 
National Ocean Survey 


ABSTRACT 

Current world opinion Indicates that a revision In the Lau 
of the sea towards extending territorial seas and providing 
more extensive economic zones Is Inevitable. At the next 
United Nations Conference on the Law of the Sea ratification 
Is expected for twelve mile territorial seas- In addition, 
a two hundred mile economic zone is seriously being considered 
by participant nations. 

Focus Is now shifting toward the technical, capabilities to 
accurately determine and physically delineate such limits- 

A review of both surface and subsurface systems and devices 
for positioning at sea Is presented. In addition, physical 
problems of delineating such positions are examined and 
solutions suggested. A discussion concernin'; the accuracy 
required for present and future legal detertnl iatlons for 
both near shore and deep ocean boundary demarcation Is 
Included with additional reference to the necessary technology 
transfer to assure uniform world-wide participation. 

Recently released official United States Territorial See and 
Contiguous Rone Boundary Docuaents are presented and their 
construction discussed. 

INTRODUCTION 

Studies of shore and sea boundaries Indicate the number of 
technical questions that arise and the extent of judgment 
for the delimitation of see boundaries. 

It Is not Intended here to resolve t'ie problem but rather to 
underline the Importance continuing efforts are to solving 
the problem. Until economical geodetic positioning systems 
can be developed and available to all; enforcement will 
continue to be difficult. 
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PRESENT GEODETIC IMPLICATIONS 

Exploration and exploitation of natural resources In the 
water colisnn, on the seabed and within It, as well as other 
marine activities are presently possible beyond the two 
hundred meter Isobath. This emphasizes the necessity for 
reliable positional accuracy and a definition of all relevant 
boundary lines, both near shore and dlsta ' . 

The International Conference on the Law of the Sea, scheduled 
next month In Caracas, Venezuela visualizes an International 
regime for the seabed and subsoil beyond the limits of 
national jurisdiction based n straight distance criteria; 
possibly in combination with a depth criterion. Such an 
agreement will prompt nations to delimit their outer shelf 
boundaries anl Invite bids for exploration and exploitation 
of their territories. Failure t reach International 
agreement will not prevent nations either from extending 
their shelf limits or exploiting resources beyond the shelf. ' 

4-ong the Important items on the agenda at the Law of the Sea 
conference will be the nature of lines used to delimit any 
boundaries agreed igxm. Inevitable in such a discussion Is 
the comparison >i lines drawn on charts and their accuracies, 
with the field capability of locating oneself at distances 
within the order of two hundred nautical miles. 

Similar to problems of boundary demarcation on land, boundary 
determinations a<: sea must consider the engineering and 
cartographic problems of physical demarcation. 

International lew may define the boundaries, but they must be 
determined and then located and mapped for practical purposes. 

Of prime importance, obviously. Is the determination of the 
snorellne as It is the base from which boundaries are 
determined l-om. 

The physical problem Is to either define the boundary by 
bottom markers or to devise a .method by which a buoy, ship 
or structure can be pieced on c boundary “station". 

Furthermore, precision In offshore boundary delimitation is 
necessary In order to resolve lege 1 problems of jurisdiction. 
The boundaries must v e positioned In terms of geographical 
coordinates . 

The question then arises, what degree of positional accuracy 
Is required. Obviously the most Immediate demands come from 
the oil and mining Industries who must know the exact limits 
o. their ownership to prevent encroachment on ad jacent 
property. From their point of view even a few meters could 
be significant, especially when a geologic structure being 
exploited extends across a property line. ^ 
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Up to th« present It has not been possible to readily 
determine a position at great distances from shore to within 
an accuracy of a few meters. 

MARITIME POSITIONING SYSTEMS 

To locate oneself «c sea, two methods may be used. Either 
positioning by onboard capabilities or positioning In relation 
to surface >r sub-surface systems. 

Marine positions are determined by either an extension of the 
shore-'.ased triangulation net or by a variation of the three 
point fix or the intersection of two lines of position. The 
triangulation method Is the most precise but the cost has 
demonstrated Itself to be prohibitive for practical use in 
marine positioning. * 

Positions in sight of shore can be determined by visual 
methods, where angles are measured or electronic methods, 
where distances are measured. A marine position within 
three to five nautical miles from shore can be determined 
within ten feet In clear weather using the resection method. 
Electronic positioning systems measure either distances 
(circular systems) or differences In distances (hyperbolic 
systems) between stations by measuring the electro-magnetic 
wave transit time Positions within one foot apparently 
can be attained for very short ranges. 

Projects have been conducted to determine the feasibility of 
establishing and recovering passive markers on the continental 
shelf with geodetic precision. These were successful where 
electronic positioning equipment was utilised and line of 
sight observations were possible (shallow water). An onboard 
accurate positioning device job necessa y to recover the 
passive system. 

Disadvantages of the circular systems are that they require 
a signal transmitter on board ship with an ample power supply. 
In addition, cml, one ship may use -he system at a time. 

The hyperbolic system, overcomes these diffl -ultles . requiring 
a signal receiver on board and a transmitter on shore. 

Accuracy with the system, however, can be less than desired. 

Due to the divergence of the hyperbolic lines of position, 
the average lane width one hundred miles from the baseline 
for systems approaching geodetic precision Is of the order 
of one thousand feet. In addition, distortion of the 
hyperbolic pattern by Islands In the signal path, non-linearity 
In the electronic systems and drift In the system increase 
error. 5 
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An Inertial system depends on gyros for detecting angular 
motion; upon accelerometers for detecting variations In 
linear velocity; and upon computers to process data to 
provide position Information. Among the major problems 
with these systems are drift of the gyro (variation in 
orientation with time not associated with the earth's 
rotation) end the local variation of the direction of the 
plunb bob from that of the model earth adopted to provide 
this direction. The systems are expensive and probably 
out of the reach for most commercial users. 

For acoustic positioning, a ship transmits a signal which 
Is picked up by and re-transmitted by three electronic 
transponders emplaced on the sea floor. These signals 
may be converted to distances when compared with time. 

If the position of the transponders is known, the ship may 
determine Its locations with respect to them within twenty 
five feet. 5 

The question of the right, or lack thereof, to emplace 
equipment within Che territorial sea and other areas 
adjacent to particular states has been analyzed before 
this body In the past. 

The Installation and maintenance of geodetic systems, 
within the water colunn Is a use fully protected by 
Article 2 of the Convention of the High Seas (1958) 
which states "....These freedoms and others which are 
recognized by the general principles of International 
law shall be exercised by all states with reasonable 
regard to the interests of other states In their exercise 
of the freedom of the high seas." No problems are 
anticipated when such systems are Installed within a 
states territorial sea. 

Satellite methods employ elements of the doppler effect. 

The doppler effect occurs when a source of wave motion 
approaches or moves away from an observer, the frequency 
of the uaves received by the observer increases and 
decreases. Radio signals from six polar orbiting 
satellites (600 to 750 nautical miles above the earth) 
produce the same phenomenon. 2 

In a test survey conducted by the National Geodetic Survey, 
a geodetic receiver (Geocelver) received signals from the 
satellites and measured the doppler shift and precise time 
of the satellite signals with signals generated by the 
Geocelver. With this Information end precise orbital data 
supplied by the Naval Weapons Laboratory at Dehlgren, 
Virginia, the National Geodetic Survey was able to dete mine, 
within six feet, the positions of two p.atforms forty and 
one hundred miles off the coast of Louisiana. 
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CARTOGRAPHIC DETERMINATIONS 

The dividing line In most existing treaties, related to 
maritime boundaries, Is as a great circle arc, a loxodromic 
line, a small circle arc or even as a "straight" line 
between two geographical coordinates. The spheroidal 
geodesic, however, represents the shortest distance between 
two points on the spheroidal ellipsoid. ? 

The Law of the Sea Conference should define more specifically 
the scale of map to be used when delimiting sea boundaries. 
The scale of the chart, of course, relates directly to the 
purpose of che delimitation. The United States provisionally 
delimits Its Territorial Sea and Contiguous Zone using 
relatively large scale charts, l.e. approximately 1:50,000 
to 1:200,000. 

Most developing nations, however, have no advanced 
cartographic or nautical survey capabilities. It would be 
difficult, therefore, to expect e specific large scale 
chart from ail lesser developed countries without undue 
expense at this point In their development. Certain 
minlimsn scales should, however, be agreed upon. Uhen charts 
are used at unrealistic scales as a means for determining 
boundaries at sea, the possibility of confusion is enhanced. 

The geodetic or geodesic is the curve on the sphere which 
is drawn so that the variation on the arc length between 
any two of Its points Is zero. The spheroidal geodesic 
conforms directly to the mathematical spheroid which 
represents the shape of the earth most accurately. 

Differences In area can be great uhen comparing geodesics, 
great circles and loxodromes as boundary lines. 

Besides the choice of a mathematical line or curve to 
defln n the boundary; accuracy of definition and of position 
when determining a boundary line or segment of such a line 
must also be <]uestloned. 

True accuracy can be defined as the degree of precision of 
the geographical coordinates for boundary turning points, 
l.e. full minutes of arc. In tenths of a minute of arc, or 
in seconds of arc. The coordinates should be expressed to 
the same degree of precision as those for che control points 
in the surrounding coastal area for both the case of a 
boundary line determined by geodetic calculations on the 
basis of coastal control points and for that of a line 
merely "negotiated". ' 

The positional accuracy can be defined as the accuracy 
of fixing at sea your position by navigational, hydrographic 
or ';eodetlc means . 
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Under the submerged lands act, the boundary between state 
and federal submerged lands Is defined with reference to the 
coast line. The boundary Itself Is to be found by measuring 
seaward the required distance from the controlling coastal 
features. This is what Is known «s the “arcs of circles” 
method of measurement; which means that the territorial sea 
Includes everything lying within the determined distance from 
any point of the baseline. In the case of the United States 
all measurements are made from the Mean Low Water line or 
Mean Lower Low Water line (West Coast) as depicted on official 
National Ocean Survey charts; and approved by the Interagency 
Committee on the determination of the Territorial Sea and 
Contiguous Zone of the United States. 

CONCLUSIONS 

It is essential that a system of demarcation of boundaries 
at sea be recoverable. Present technology limits sifVsurface 
marker delimitation to relatively smooth, shallow regions of 
the seafloor. If a boundary intersects the seafloor at 
great depth or great distance from shore it may not be 
technologically possible to Implant a bottor marker with 
the accuracy required. 

Surface markers again Imply initial costs combined with 
maintenance costs. Additionally, surface markers are subject 
to the continuous effects of the see and are thus capable of 
breaking their moorings. Envisioning the possible number 
of "surface markers" to properly define an area - such 
systems could become hazards to navigation. Since these 
systems would be attached to the bottom; boundary markers In 
deep water would have a scope of tether that could exceed 
the necessary accuracy. 

I submit that for the present we should concentrate efforts 
on developing the most economical and practical geodetic 
positioning equipment for field use. 

If exploiters of the ocean and enforcement agencies have the 
same geodetic positioning capabilities encroachment would be 
minimized. 

Initially, spot boundary determinations can be conducted and 
approved before operations commence; especially when they 
approach the limits of ownership. 

I am confident advances (perhaps to be revealed during this 
symposium) will be made in hydrographic, geodetic and 
physical and chemical oceanographic methodology which will 
eventually enable us to actually mark the boundary line at 
sea from subsurface to surface without adversely effecting 
the environment. 
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The nature of line could be resolved by allowing a nation to 
determine Its boundaries with whatever line they so define and 
be bound to its positional determination on the spheroid! even 
after their capabilities for geodetic determinations mature. 

Straight baselines could reduce the number of points to be 
fixed (and therefore recoverable) by geodetic positioning, 
overcoming a monumental task to geodetlcally determine an 
"arcs of circles" boundary line. 

Accuracies required will undoubtedly Increase as the world 
races to exploit the sea and Its subsurface. Technology 
must meet the legal challenge to adequately define ownership 
at both near shore and deep ocean locales. 

Whatever accurate method Is finally selected, It Is critical 
that It can be reasonable enough to be utilized by all 
nations and that the necessary technology transfer be 
effected to assure International capability for compliance. 
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Research Connected with Marine Geodesy 
at the Technical University at Hanover , Germany 


GQnter Seeber 

Inetitut fUr Theoretlsche GeodSsle 
Technische UniversitSt Hannover 


The Technical University of Hanover has established a research 
center for the study of geodetic measuring techniques in 
coastal and marine regions. 

Some communications are given on plans for the determination of 
detailed astrogeodetic and gravimetric deflections in a coastal 
and marine test area. Main observing instrument is a transpor- 
table photographic zenith tube. 
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During the last year (1973) a research center on geodetic and 
photogrammetric measuring techniques in coastal and marine re- 
gions was founded within the Geodetic Department at the Tech- 
nical University of Hanover, sponsored by the German Research 
Foundation (Deutsche Forschungsgemeinschaft) . 

Some 40 scientists from university and from different agencies 
outside of the university are cooperating within this group to 
study different questions on measuring problems related to the 
coast and sea. 

The main topics of investigations arei 

- Remote Sensing 

- Topography and Cartography 

- Methods and techniques for determining and permanent marking 
of height reference points 

- Investigations on coastal subsidence 

- Determination of the geoid 

- Application of satellite techniques for determining geodetic 
coordinates of surface positions 

in coastal and marine areas. 

The aim of this report is, to give some short communications on 
the last two topics which are related very closely to the sub- 
ject of this symposium and which are treated in the Institute 
for Theoretical Geodesy at Hanover-Unlversity. The corresponding 
research work is just at the beginning, but there are some 
encouraging results from preliminary studies. 

The scientific aim of the project “geoid determination* is to 
find out suitable methods for the determination of the detailed 
structure of the geoid in a limited coastal and marine area. It 
is planned to begin with an astrogeodetlc approach In a test- 
area of some 2000 km 2 in the mouth of the river Weser and to 
enlarge then thi. test-area to some 25.000 km 2 into the “Deutsche 
Bucht* . 

The direction of the gravity vector shall be determined with 
a transportable p. graphic zenith tube. This instrument was 
developed in our ins.itute as a prototype and gives reasonable 
results on land marks (GESSLER, PI LOWS HI , 1972). 

The principle of the instrument Is rather simple i A photographic 
camera with a focal length of 80 cm la mounted in a vertical 
manner on a ground circle, which enables tne camera to be turned 
into two positions. The electronic shutter 1. placed Immediately 
In front of the photographic plate. The verticallty of the 
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camera can be proved by two electronic levels. Small tilt- 
changes are also registered by these levels. 

The main advantage of the Instrument can be seen In the obser- 
ving velocity. One observation, l.e. one plate exposed In two 
different positions of 180°, takes 3 minutes of time. The proper 
exposition time however Is only 1 second in every position. That 
means: for applications on moving points the stability of the 
camera must be guaranteed only during this rather short time 
of one second. 

The accuracy for the reduced point out of one plate was found to 
be 0!4. In general It should be sufficient to take two plateB, 
which means less than ten minutes observing time for one point. 

This fact enables us to measure astrogeodetlc deflections In 
very dense profiles at the coast or on islands. Furtheron it Is 
possible to observe very quickly on oil-dr 111 -hole-platforms or 
in tidal flat regions. 

The Instrument described is a prototype with rather simple 
optics and without autoi Stic data collecting equipment. A new 
construction with better lenses and perhaps better registration 
of the tube-inclination should give also better results. 

For the next two years it is planned to measure "astros* with 
the "Hanover Zenith Camera* on fixed points along the coast, on 
Islands, on light-houses near the cor.st and - so far as possible 
on oil-drill-hole-platforms. The geodetic coordinates will be 
determined by conventional terrestrial methods, by long electro- 
magnetic distance measurements over sea, by precise navigation 
methods, by satellite (DOPPLER) methods and by a combination of 
theBe methods (CAMPBELL, SEEBER, WITTE, 1973). 

It Is one topic of our Hanover research group at the Institute 
for Theoretical Geodesy, to study the questions of precise po- 
sition determination at coast and sea when different observing 
methods are used and combined. Special emphasis is directed to- 
wards the application of satellite techniques as with transpor- 
table Doppler equipment. 

Beside the astrogeodetlc approach It Is planned to measure gravl 
ty values (gravimeter) and their derivatives using a torsion- 
balance. With this observation material the next step will be to 
compute a detailed geoid of the marine region using astrogeodc- 
tlc, gravimetric and combined methods. Hereby emphasis is layed 
on the study of Interpolation methods. 
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A further step will be the astrogeodetie approach Into the open 
sea. Attempts to observe astroa on stabilized platforms led 
- as far as we know - to accuracies In the order of 10 arc- 
seconds (HOOBAD 1972). Wa hope, regarding the short observation 
time necessary for the “Hanover Zenith camera* In the order of 
one second of time or less, to improve this accuracy, although 
we see a lot of difficulties in defining the direction of the 
vertical on a moving point. 
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ABSTRACT 

A statistical evaluation of some of file recent satellite determined gravity models. 
Incl u d ing some with distinct data base, indicates that the geopotentiai coefficients of 
these models are individually meaningful lor frequencies with wavenumbers 
through 7 certainly and wavenumbers n ■ 8 through 10 probably. Geopotential coef- 
ficients la higher frequency ranges while apparently Important for computing accurate 
satellite orbits seem to have little geophysical significance in an imSvidual sense. 
Differences between various gravity models and those between purely satellite deter- 
mined geopotential models and their associated combination models show no consist- 
ent relationship to surface gravimetric coverage. Additional classical tracking data 
are important la improving the existing description of the Earth's gravity field but 
their contribution in extending its frequency range beyond what is now available iB un- 
certain. New tracking data types such as laser, satellite- to- satellite and altimetry data 
seem to have the potential of improving gravity field description but a quantitative 
assessment of their contribution is difficult at this stage. 


INTRODUCTION 

Two major areas of geophysical applications of artificial Earth satellites directly 
related to marine geodesy are determination of the Earth's gravity field and satellite 
altimetry. Contribution of the latter is in the realm of determination of the dynamic 
topography of aea level, perhaps as a function of time in future. Mean Sea level will 
then be used to construct the geoldal surface and also in a number of important oceano- 
graphic studies. Satellite altimetry, however, is still In a nascent stage. Some aspects 
of altimetry techniques are reviewed in this volume (see for example. Brown, fids 
volume; Strange, fills volume) and elsewhere by Khan fin prep. I. As to the former, it 
has constituted a major part of the total geodetic effort at a number of Institutions. 

In this paper I will deei only with the evaluations and comparisons aspect of file various 
versions generated by these efforts and discuss their relationship to marine geodesy. 

An accurate satellite determined gravity field has multiple applications in marine 
geodesy. Its long wavelength components can be used as a control for systematic 
errors in Instrumental calibration and drift. In oceanic areas where only an Isolated 
ship gravity profile Is available, accurate satellite field will provide better mean 
gravity anomalies than the surface data from fids Isolated ship gravity profile (Wool- 
lard and Khan, 1972), The long wavelength field could also be used to apply 
regional correction to marine gravity profiles in order to obtain localized gravity 
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anomalies which have important use in studies of relationships of marine gravity with 
bathymetry and shallow crustal structures. Such relationships are needed in the pre- 
diction of gravity over oceanic areas as well as in understanding the geophysical and 
geological character of the oceanic areas. Bathymetric data can also be used to pre- 
dict the higher frequencies of the gravity Held over ocean areas (Woollard and Khan, 
1972), the lower frequencies being provided by satellite determinations of the earth's 
gravity field. 

Last decade and a half has seen applications of artificial Earth satellite orbital 
perturbation techniques In their analytical and numerical form, to determination of 
the gravity field of the Earth. More recently existing surface gravity data, after 
some interpolation and extrapolation, have beat combined with various forms of satel- 
lite tracking data to Improve upon these gravity field representations. Since there 
are so many solutions that differ from each other significantly, It is Important to 
evaluate and compare them and perhaps attempt to select the best representation. 
Geopotential solutions considered In this paper are Goddard Space Flight Center's 
GEM solutions (Lerch, et al, 74), Smithsonian Astrophysical Observatory's recent 
Standard Earth (SE) models (Gaposchktn, 73; Gaposcfakin and Lambeck, 70) and Naval 
Weapons Laboratory's most recent solutions (these solutions are classified but we need 
only their unclassified statistical parameters for this analysis which were kindly made 
available by Dr. Richard Anderle of Naval Weapons Laboratory). To test these solu- 
tions, the surest standard of comparison, of course. Is gravimetric representation of 
the Earth's gravity field but if we had such a representation, we would not need to obtain 
these solutions in the first place. Any other test is essentially inferential in nature. 


ANALYSIS TECHNIQUES 
Let 


f, (x) » Eit f (x) 
f 2 (x) * E»t i (x) 

where Est Indicates the estimated value, then 


R(f,.fj) 




(x)f 2 (x)dx 


i| (x) dx yrj(x)dx|* 

(1) 

oif,) - iij) 

(2) 

olf, -f 2 ) = 0 

(3) 

S(f,,i 2 )* 1 

«> 

S(f, - Ij. I, ) • 0 

(5) 

S(f, -i 2 .f 2 ). 0 

(6) 


where "(f) Indicates the degree variance of f(x) and S(f J , f 2 ) the spectral ratio function 
off,|x)mdf (x). Inversely If f ,(x) and f 2 (x) are Independent estimates of the function 
f(x) and, if the conditions stated in Equations (1) through (6) arc satisfied, 

i, (x) - fix) * i 2 (x) 


M 



Khan 


Note that Equations (1) through (B) will not be satisfied If either f, (x) or t 2 (x) is an 
incorrect estimate of file function f(xL 

On file other hand, the equations will be satisfied If f,(x) and fj(x) are not In- 
dependent and neither is essentially a correct estimate of f(x). In either cf the above 
cases, this test should be supplemented by other analysis. 


COMPARISONS 

Geopotential models used in the comparisons reported here are Goddard 
Space Flight Center, GEM solutions GEM 1 through 6, the Smithsonian S tandar d Earth 
solutions SE n and SE HI, and the Naval Weapons Laboratory's geopotential solutions 
10E and WGSN 44. The Naval Weapons Laboratory's solutions are classified; there- 
fore, only some unclassified statistical parameters could be used in fids study. 

The statistical parameters defined in Equations (1) through (SI are given in Tables 
1 through 9. Table 1 gives the correlation functions for iateroomparisons of various 
GEM Solutions. Table 2 lists correlation functions for GEM and SE models. Cor- 
relations between selected GEM and SE solutions and the NWL's 10E and WGSN 44 
solutions are reported in Table 3. Tables 4 through 6 list spectral ratio functions for 
various geopotential solutions in the same order. Tables 7 through 9 report spectral 
ratio functions for some selected difference fields. A few representative correlation 
curves are shown In Figures 1 through 3 for a quick visual examination. A typical 
spectral ratio function of two geopotential fields and their differences is plotted in 
Figure 4. Figures 5 through 9 show degree variances for GEM 6, SE m, 10E, WGSN 44 
and their differences. 


Table 1 

INTERCORRELATION FUNCTION OF GODDARD EARTH MODELS (GEMtl 
A; PURELY SATELLITE DETERMINED QEOFOTENTIAL SOLUTIONS 


n 

GEM 6 VS. SEMI 

GEMS VS. GEM 3 

GEM 3 VS. GEM 1 

2 

1.0000 

1.0000 

1.0000 

3 

1.0000 

1.0000 

0.9999 

4 

0.9998 

0.3.419 

0.9990 

6 

0.9884 

0.9996 

0.9988 

6 

0.9983 

0.9990 

0.9967 

7 

0.9971 

0.9966 

0.6922 

8 

0.9941 

0.9943 

0.9917 

9 

0.9918 

0.9000 

0.9792 

10 

0.9880 

0.9796 

0.9616 

11 

0.0741 

0.9663 

09603 

12 

0.9463 

08046 

0.8740 

13 

0.8824 

0.9498 

09038 

14 

0.9889 

0.9424 

0.9029 

IS 

0.8694 

0.9419 

0.7934 

18 

0.9231 

0.9661 

09888 

17 

-0.0741 

0.9106 

0.1780 

18 

0.9487 

0.9809 

09960 

IB 

0.8871 

0.7403 

0.6775 

20 

0.1208 

0.8231 

0.0181 

21 

0.8300 

0.6281 

0.4018 

22 

0.8433 

0.8001 

0.6031 
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Table I 

INTERCORRELATION FUNCTION OF GOODARD EARTH MODELS (OEMs) 
B: COMBINATION SOLUTIONS 


n 

GEM 6 VS. GEM 2 

GEM 6 VS. GEM 4 

GEM 4 VS. GEM 2 

2 

1.0000 

18000 

08088 

3 

0.9008 

14000 

0.9990 

4 

00096 

09008 

0.9900 

6 

0.9966 

08868 

0.9961 

8 

0.9888 

09878 

0.9058 

7 

08762 

08918 

08017 

B 

09603 

03602 

09683 

9 

081781 

09602 

0.9677 

10 

0.9038 

09696 

09723 

11 

0.7388 

0.9168 

08662 

12 

0.7420 

09606 

08278 

13 

04961 

08090 

08707 

14 

04678 

07703 

0.9637 

IB 

02036 

04998 

08786 

16 

02970 

03807 

0.9606 

17 

-0.8368 

08*67 

0.8695 

18 

0.9746 

08617 

08860 

19 

04739 

07886 

0.7434 

20 

03398 

08160 

-0.1730 

21 

07212 

0.4879 

08686 

22 

08814 

07621 

08880 
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INTERCORRELATION OF GODOARD EARTH MOEOLS (GEM.) 

C: PURELY SATELLITE DETERMINED VS. COMBINATION SOLUTIONS 


B 

GEMO'o. 

GEMS 

GEM 6 VS. 
GEM 3 

GEM 8 VS. 
GEM 1 

GEM 6 VS. 
GEM 4 

GEM 4 VS. 
GEM 1 

GEM2VS. 
GEM 1 

2 

18000 

18000 

18000 


08688 

18000 

3 

08999 

08999 

08096 

08990 

08999 

08097 

4 

08999 

08997 

08696 

08999 

08997 

08998 

6 

08063 

99948 

0.9966 

08994 

09986 

08960 

6 

08978 

08961 

08668 

0.8607 

08964 

0.9970 

7 

08868 

08879 

08762 

0.7044 

08677 

08663 

8 

08827 

0872* 

08003 

08906 

08846 

08640 

9 

03025 

0.9067 

08781 

08701 

03652 

08091 

10 

08289 

0.930* 

08039 

08646 

0.9*12 

0.9426 

11 

0.7778 

08388 

0.7388 

0.8919 

08641 

0.7996 

12 

081B7 

0.7781 

0.7420 

08191 

0.7480 

0.7278 

13 

0S3Z7 

08606 

04981 

04702 

04237 

08162 

14 

04710 

04631 

0.4678 

08637 

08640 

08171 

IB 

08*62 

08638 

08038 

08283 

0.1761 

08627 

16 

08060 

089*4 

08970 

08836 

08666 

08467 

17 

0.8966 

08643 

-0.0368 

0.8872 

0.1978 

08018 

18 

08606 

08611 

08746 

08669 

08061 

08667 

19 

08963 

0.7791 

0.8738 

0.7693 

0.7003 

08368 

20 

0.7968 

0.7646 

0.3398 

08273 

0.0619 

0.7811 

21 

oj ms 

04229 

0.7212 

08843 

04626 

08337 

22 

084S4 

0.7665 

08844 

0.7802 

04842 

08803 
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Table 2 

CORRELATIONS OF GODDARD EARTH MODELS (OEMs) 
WITH STANDARD EARTH MODELS 


n 

GEM 6 
VS. 
SE III 

GEM 6 
VS. 
SE II 

GEM 6 
VS. 
SE III 

GEM 6 
VS. 
SE II 

GEM 4 

VS. 
SE III 

GEM 4 
VS. 
SE II 

GEM 1 
VS. 
SE III 

GEM 1 
VS. 
SE II 

2 

1.0000 

1.0000 

09999 

0*8 

09999 

09999 

1.0000 

1.0000 

3 

0.9947 

0.9999 

09934 

0.9807 

09947 

09999 

09930 

09906 

4 

0.9060 

09971 

09964 

09&34 

09964 

09961 

09967 

09964 

S 

0.9788 

0.9937 

09666 

€3879 

09673 

09087 

09846 

09681 

6 

0.3888 

0.9676 

0.9671 

09679 

0.9666 

09678 

09638 

0.9655 

7 

0.9124 

09661 

09162 

UKN 

09107 

O.0S82 

09108 

09®3 

8 

6.8917 

0.9430 

09606 

09483 

09343 

09416 

0.6753 

09413 

9 

0.9063 

09189 

0.7742 

09672 

0.7919 

09811 

0.7604 

09828 

10 

0EIMS0 

09310 

04823 

0.7542 

09060 

0.7681 

09042 

0.7336 

11 

0.7075 

09204 

09812 

0.8861 

09428 

09631 

09303 

0.1*47 

12 

0.6041 

0.4473 

09233 

09520 

0.4322 

09902 

0.1211 

02060 

13 

0.7868 

09828 

09302 

04611 

0.7280 

09323 

04680 

04168 

14 

0.8043 

0.6070 

0.4830 

09968 

09806 

0.3998 

041 IB 

09838 

IS 

0.8147 

09628 

0.1706 

0.1825 

0.6884 

04669 

0.0804 

09119 

16 

0.6052 

09238 

0.0968 

0.1341 

09800 

09616 

0.1337 

09061 

17 

0.2416 

04278 

09443 

04422 

02193 

09639 

-0.0820 

0.4327 

18 

0.1891 

09440 

02172 

09614 

0.2077 

0.4068 

0.1784 

09816 

19 

0.1309 

-0.0903 

0.1678 

-0.0684 

-09249 

-09912 

0.1346 

0.1771 

20 

0.0787 

-0.0142 

-09668 

-09619 

-0.0892 

-0.0206 

0.8473 

04278 

21 

02406 

09046 

0.0026 

-0.1769 

-0.1488 

-09324 

0.1606 

02326 

22 

0.1476 

0.0283 

0.1260 

-0.0076 

-0.0629 

-0.0065 

0.0706 

0.1016 


Table 3 

CORRELATIONS OF REPRESENTATIVE GODDARD EARTH MODEL 
AND STANDARD EARTH MODEL WITH NAVAL WEAPONS 
LABORATORY'S RECENT GEOPOTENTIAL SOLUTIONS 


n 

SSEIUVS. 
NWL WGSN 44 

ssEnrvs 

NWL 10E 

GEM 6 VS. 
NWL WGSN 44 

GEM 6 VS 
NWL 10E 

2 

1 0000 

1.0000 

1 0000 

1 0000 

3 

0.9946 

0.9948 

0.9998 

0.9998 

4 

09961 

0.9CG1 

0.9995 

09995 

5 

0.9664 

0.9681 

09972 

09982 

6 

09660 

0.9612 

0.9977 

09963 

7 

0 9192 

0.9076 

09826 

«■! EM 

8 

0.6713 

0.6954 

0.1693 


9 

0.8129 

0.8315 

0 8796 

■19 

10 

05695 

05360 

0,9159 

08900 

11 

0.5367 

0.5107 

07694 

07358 

12 

0.2582 

0.3140 

05556 

05727 

13 

0.5782 

0 4778 

05825 

05398 

14 

0 4296 

0.4223 

0 3642 

03702 

15 

0.3981 

02953 

03021 

0.2406 

16 

0 1296 

0.3008 

03467 

07191 

17 

02542 

0.4262 

0 1382 

03093 

18 

04063 

01933 

0 1854 

0 4371 

19 

0 1728 

02872 

-0 0554 

0 0905 

20 

05495 

04512 

-0 1788 

-00974 

21 

0 1122 

04478 

-01875 

01950 

22 

0 3300 

-0 0339 

-0 0661 

03092 
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Table 4 

SPECTRAL RATIO FUNCTION: GODDARD EARTH MODELS 


n 

GEMS 
VS. 
GEM 1 

GEM 3 
VS. 
GEM 5 

GEM 3 
VS. 
GEM 1 

GEM 4 
VS. 
GEM 6 

GEM 2 
VS. 
GEM 6 

GEM 4 
VS. 
GEM 2 

GEM 6 
VS. 
GEMS 

GEM 3 
VS. 
GEM 6 

GEM 6 
VS. 
GEM 1 

GEM 5 
VS. 

GEM 4 

GEM 4 
VS. 
GEM 1 

GEM 3 
VS. 
GEM 1 

GEM 2 
VS. 
GEM 1 

2 

100 

99 

100 

100 

100 

100 

99 

100 

99 

100 

100 

100 

100 

3 

100 

99 

99 

100 

100 

100 

99 

100 

99 

99 

99 

99 

99 

4 

100 

101 

101 

99 

98 

101 

101 

100 

100 

101 

100 

101 

99 

5 

97 

93 

90 

99 

106 

93 

94 

99 

91 

93 

90 

90 

87 

6 

101 

98 

99 

104 

102 

102 

92 

106 

93 

66 

97 

99 

95 

7 

98 

101 

99 

90 

97 

93 

115 

87 

113 

149 

102 

99 

111 

8 

98 

96 

94 

83 

93 

89 

125 

77 

122 

104 

102 

94 

114 

9 

115 

88 

102 

77 

83 

93 

113 

78 

130 

88 

101 

102 

109 

10 

103 

91 

94 

109 

114 

95 

95 

96 

98 

104 

107 

94 

112 

11 

115 

90 

103 

92 

104 

88 

92 

97 

106 

86 

96 

103 

111 

12 

121 

77 

94 

77 

94 

82 

96 

80 

117 

75 

91 

94 

111 

13 

96 

129 

118 

60 

79 

76 

49 

252 

47 

30 

28 

118 

37 

14 

41 

99 

139 

40 

52 

77 

29 

338 

41 

12 

13 

139 

21 

15 

123 

171 

210 

50 

76 

65 

21 

779 

26 

11 

13 

210 

21 

16 

94 

112 

106 

98 

111 

88 

10 

1131 

9 

10 

9 

105 

10 

17 

123 

31 

39 

32 

282 

11 

105 

30 

130 

34 

42 

39 

389 

18 

72 

69 

49 

75 

143 

52 

99 

69 

71 

75 

54 

49 

103 

19 

226 

266 

599 

239 

55 

433 

101 

282 

228 

241 

546 

599 

126 

20 

13 

23 

33 

28 

223 

13 

93 

24 

11 

28 

3 

33 

28 

21 

178 

82 

146 

91 

64 

143 

88 

92 

158 

81 

144 

146 

101 

22 

100 

61 

61 

58 

109 

54 

110 

56 

106 

64 

64 

61 

119 
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Tables 

SPECTRAL RATIO FUNCTION: GODDARD EARTH MODELS AND 
SMITHSONIAN STANDARD EARTH MODELS 


. 

GEM 6 
VS 
SE III 

GEM 6 
VS 
SE II 

GEMS 
VS 
SE HI 

u _ 

GEM 4 

vs 

SE II 

GEM 3 

vs 

SE III 

GEM 3 

vs 

SE II 

GEM 2 

vs 

SE III 

GEM 2 

vs 

SE II 

GEM 1 
VS 
SE III 

GEM f 
VS. 
SE II 

2 

96 

98 

104 

102 

98 

96 

98 

97 

99 

97 

99 

3 

99 

98 

100 

102 

97 

99 

97 

99 

98 

100 

98 

4 

106 

103 

96 

98 

103 

106 

104 

104 

102 

105 

103 

5 

119 

82 

79 

115 

81 

118 

81 

127 

87 

131 

90 

6 

90 

78 

102 

119 

81 

95 

82 

92 

80 

97 

83 

7 

no 

89 

105 

130 

80 

97 

78 

108 

87 

97 

78 

8 

232 

78 

54 

158 

66 

178 

61 

216 

74 

189 

64 

9 

132 

143 

85 

79 

111 

104 

112 

111 

120 

102 

110 

10 

95 

112 

99 

84 

123 

92 

108 

110 

129 

98 

115 

11 

130 

159 

71 

58 

146 

127 

155 

136 

166 

122 

150 

12 

219 

124 

44 

78 

96 

175 

99 

207 

117 

187 

106 

13 

87 

104 

57 

47 

63 

219 

263 

69 

83 

185 

222 

14 

138 

143 

21 

20 

57 

467 

485 

72 

74 

335 

348 

15 

96 

124 

23 

18 

62 

753 

967 

74 

95 

359 

461 

16 

148 

204 

7 

5 

200 

1678 

2309 

165 

227 

1597 

2197 

17 

3081 

702 

3 

15 

226 

915 

208 

8693 

1980 

2357 

537 

18 

367 

70 

27 

142 

53 

254 

49 

527 

101 

513 

98 

19 

217 

363 

46 

28 

867 

570 

951 

120 

200 

95 

159 

20 

476 

321 

20 

29 

91 

115 

77 

1061 

715 

4050 

273: 

21 

80 

150 

111 

59 

137 

74 

139 

51 

96 

51 

95 

22 

69 

22 

186 

499 

13 

33 

12 

64 

24 

54 

20 


Table 6 

SPECTRAL FUNCTION: OEM 6. SE III AND NWL MODELS 


n 

NWL WGSN 44 
SAO se m 

NWL 10E 
SAO SE ffl 

NWL WGSN 44 
GEM 6 

NWL 10E 
GEM 6 

2 

105 

105 

102 

102 

3 

103 

102 

102 

101 

4 

95 

96 

101 

101 

5 

80 

81 

96 

97 

6 

108 

108 

97 

98 

7 

110 

101 

121 

110 

8 

57 

55 

132 

128 

9 

87 

105 

119 

143 

10 

84 

99 

80 

94 

11 

72 

62 

118 

101 

12 

51 

51 

112 

112 

13 

96 

101 

84 

88 

14 

77 

42 

106 

58 

15 

104 

23 

101 

22 

16 

93 

57 

137 

85 

17 

121 

25 

3744 

781 

18 

192 

36 

704 

130 

19 

1216 

136 

2644 

296 

20 

29 

32 

136 

151 

21 

662 

85 

539 

68 

22 

138 


82 
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TaMtl 

SPECTRAL RATIO FONCTieM: REPRESENTATIVE REM AND IE DIFFERENCE 


a 

SEMS-SEIN 

NS. 

GE.49 

6EM9-SE II 
VS. 

OEMS 

6EMS-SENI 

VS. 

SENS 

GEM 5-SEN 
VS. 
GEMS 

6EM 1-SE III 
VS. 

GEM 1 

GEM 1-SE II 
VS. 
SEMI 

6EM2-SEIII 

VS. 

GEM 2 

GEM2-SE II 
VS. 
GEM 2 

6EM4-SE II 
VS. 
6EM4 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3 

1 

0 

1 

0 

1 

0 

1 

0 

0 

4 

1 

I 

1 

1 

1 

1 

1 

1 

1 

s 

S 

3 

7 

3 

10 

3 

8 

2 

3 

6 

7 

7 

9 

7 

7 

7 

6 

9 

7 

7 

IS 

s 

17 

12 

19 

M 

19 

12 

9 

I 

121 

ii 

S7 

12 

104 

13 

129 

12 

13 

9 

47 

47 

42 

32 

48 

2S 

34 

19 

25 

IQ 

11 

3S 

103 

S4 

99 

57 

94 

3S 

52 

11 

IS 

127 

73 

99 

IDS 

99 

75 

77 

112 

12 

179 

124 

114 

149 

294 

143 

183 

109 

120 

13 

49 

126 

77 

171 

160 

199 

39 

142 

110 

M 

49 

99 

•4 

321 

294 

239 

45 

132 

97 

IS 

7S 

143 

101 

sn 

421 

410 

49 

SO 

90 

19 

125 

211 

192 

2039 

1999 

2194 

S3 

90 

144 

17 

2913 

STS 

94 

S3! 

2S3S 

439 

9491 

91 

ISO 

IS 

399 

129 

104 

128 

S32 

146 

582 

140 

94 

19 

271 

497 

129 

492 

189 

214 

170 

141 

1139 

20 

542 

429 

17« 

572 

3072 


628 

54 

194 

21 

137 

249 

219 

315 

121 

■s 

119 

182 

246 

22 

138 

119 

2S1 

121 

144 

111 

149 

493 

112 
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Tibi* B 

SPECTRAL RATIO FUNCTION: GEM 6. SE III AND NWL MODELS. 


n 

SAOSE m-NWl WGSN 44 

SAO m- NWL 10E 

GEM 6- WGSN 44 

GEM6-MWL 10E 

SAO SE m 

sao nr 

GEM 6 

GEM 6 

2 

0 

0 

0 

0 

3 

1 


0 

0 

4 

1 

i 

0 

0 

5 

7 

7 

1 

0 

6 

7 

8 

1 

1 

7 

17 

19 

5 

4 

6 

56 

52 

9 

12 

9 

35 

34 

27 

34 

10 

80 

91 

15 

21 

11 

80 

82 

57 

60 

12 

114 

105 

93 

91 

13 

83 

106 

77 

87 

14 

102 

87 

131 

102 

15 

123 

95 

140 

99 

16 

167 

112 

156 

53 

17 

165 

83 

3687 

719 

18 

180 

112 

706 

130 

19 

1197 

169 

2806 

367 

20 

71 

83 

2773 

264 

21 

710 

99 

727 

116 

22 

161 

172 

193 

102 


Of the Goddard Space Flight Center geopotential solution! GEM 1, 3 and 5 are 
purely satellite derived solutions. These solutions are complete to (12, 12) but have 
some selected higher degree coefficients up to (22, 14). GEM 2, 4, and 6 are com- 
bination solutions, i.e. , they are based on satellite tracking data as well as surface 
gravimetry information; these solutions are complete to (16, 16) with a few selected 
higher degree coefficients up to (22, 14). Generally various combination solutions 
are based on their satellite determined predecessors. Smithsonian 8E n and SE m 
models are both combination solutions. Hie surface gravity data base in these solu- 
tions is similar to that in GEM solutions. SE II Is complete to (16, 16) with a few 
higher coefficients. SE III la complete to (IS, IS) with a few higher coefficients. 

Naval Weapons Laboratory's solution IDE is purely satellite derived solution 
based primarily on doppler data; hence it should provide an Independent standard of 
comparison for GEM and SE models. Hie NWf, solution WGSN 44 is a combination 
solution. 

The statistical parameters reported In Table* 1 through 9 in which any of the 
GEM 1, 3, or S are involved are meaningful to n • 12 only. All other comparisons 
are valid to n - 16. Comparisons in the higher frequency range (n > 16) are meaning- 
less as these arc based only on a limited number of harmonic coefficients. 


INTERCOM PA RJSON OF GODDARD EARTH MODELS 

GEM solutions based purely on the satellite data (Table 1A; Figure 1) show a 
high degree of correlation at all frequencies up to n ■ 12 (the correlation function for 
a > 12 should be neglected as It la baaed only on a few selected coefficients). Hie 
spectral ratio function for these fields (Table 4), which la a more sensitive parameter, 
la largely In the neighborhood of 100 for frequencies up to n • 12, The spectral ratio 
function for their difference* (Table T) la cloBe to aero for frequencies up to n • 8 and 
reasonably close to zero for frequencies up to n ■ 12, As Indicated earlier, the 
corrtlrtion statistics beyond n - 12 are not significant In this case as these solutions 
are complete to (12, 12) only. 


96 






Khan 

Of the combination GEM solutions which are complete to (16, 16), GEM 6 shows 
a high degree of correlation with GEM 4 and GEM 2 up to n « 10 and reasonably high 
correlation (>0.7) ten-- 12 (Table IB, Figure 1 beyond which (n > 12) the correlation 
function becomes Irregular. On the other hand, GEM 4 la very highly correlated with 
Gem 2 up to n - 18 (correlation coefficient > 0. 93). These findings are supported by 
the spectral ratio function (Table 4, Figure 1) which showr considerable departures 
from the reference value of 100 beyond n • 12 In case of comparisons Involving GEM 6 
and beyond n > 16 In case of GEM 4 versus GEM 2. Hie spectral ratio function of the 
differences shows variations of close to 100 percent for frequencies n > 12 except for 
GEM 4 versus GEM 2 in which case this taction shows less than 151 variation for 
frequencies up to n • 16. This tact Is Interesting as these solutions are derived from 
highly correlated GEM 1, GEM 3 and GEM 5 but die set of mean surface gravity 
anomalies used in GEM 6 Is somewhat dlffe-ent from that used In earlier GEM com- 
bination solutions. 

Comparison of combination solutions with those based purely on satellite orbital 
data (Table 1C) shows a high degree of correlation to n - 10 and a fairly high correla- 
tion to n ■ 12 (>0. 7). Spectral ratio function statistics In Tables 4 and 7 support this 
high internal consistency (to n • 12) with tne notable exception of GEM 4 versus GEM 5 
at n * 7 (Table 7). However, this discordance is not noticeable in other comparisons. 

These lntracomparlsons, however, show merely internal consistency of the GEM 
solutions. Since these solutions are not Independent of each other, die high correla- 
tions cannot be Interpreted In terms of the degree of accuracy of dieae solutions. It Is 
Interesting to note, however, that the earliest (GEM 1) and the latest (GEM 6) solutions 
(from amongst the sol'-bons ax ilyzed here) show such a high degree of correlation 
in spite of vastly Improved data fed into jic icier solutions. 


GODDARD iTH MODELS VERSUS SMITHSONIAN STANDARD EARTH MODELS 

The GEM solution and the SE models are derived principally from the same type 
of satellite and surface gravity data, though the amount of data used In the more recent 
GEM solutions is larger than that used In die SE models and the methods of analysis 
used In the two sets of solutions arc somewhat different. Thus, although the two seta 
of solutions do not constitute Independent standards of comparison against each other, 
their comparisons will yield useful Insights. 

The comparison statistics for GEM and SE models are listed in Tables 2, 5, and 
8. Some representative curves are illustrated in Figures 1, 2, and 4. The correla- 
tion function between GEM 6 and SE III Is high (>0. 9) to wtvenumber n ■ 7 beyond 
which it falls off showing Inconsistent peaks at n • 9, 11, 13, and 14 (Table 2). The 
spectral ratio function (Table 5) ahowa leaa than 20 percent variation ton- 7 but shows 
significant departures for higher frequencies. The spectral ratio function of the dif- 
ferences (Table 8) corroborates this pattern in that the differences sre practically 
zero to n • 4, less than 20 percent to n * 7 and significantly higher for n > 8. The 
degree variances of the differences are close to zero to n • 7 but reach about the same 
amplitude as those of the total Belds for n ■ 8 and higher as Illustrated in Figure 5. 

The comparisons of SE m with GEM 5, GEM 4, GEM 3, GEM 2, and GEM 1 follow 
exactly analogous patterns In all the three correlations parameters (Tables 2, 5 and 8; 
Figures 2 and 4 ). 

Comparison of GEM 6 and SE 0 shows correlation coefficients of > 0. 9 to n « 8 
and those >0. 8 to n « 10 (Table 2). The spectral ratio (Unction (Table 6) departs from 
Its reference value of 100 by abo* ' 20 percent up to n • 8. The spectral ratio function 
of the differences departs less than 10 percent to n • 7 and 11 percent for n • 6 (Table 
8). This function is again practically at its reference values up to n * 4 (Table 8). This 
is corroborated by the correlation function plot In Figure 1 and the spectral ratio func- 
tion values given In Table 5. Comparisons of SE n with GEM 5, GEM 4, GEM 3, GEM 
2, and GEM 1 show even higher consistency for frequencies up to n • 10. Note that 
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SB 0 and SE m a a wall as OEM 2, 4 and 6 are all combination solutions while GEM 1, 
3 and 5 are purely satellites derived gravity models. 


NAVAL WEAPONS LABORATORY’S (NWL) GRAVITY MODELS VERSUS 
GEM AND SE MODELS 

Hie Naval Weapons Laboratory's gravity models are deri ved principally from doppler 
tracking data and are independent enough (Tom the Goddard and Smithsonian efforts to 
Institute a fairly reasonable standard of comparison In relation to GEM and SE solu- 
tions. Unfortunately, however. NWL's gravity fields are classified. Therefore, only 
those statistical parameters of the NWL gravity fields which cannot be used to derive 
their information content are available for this study. 

The NWL gravity model IDE Is a purely satellite fieri ved gravity model based 
principally on doppler tracking data. The NWL gravity model WGSN 44 is a combina- 
tion solution. These two models are compared against GEM 6 and BE m. The cor- 
relation coefficient (Table 3) between SE m and WGSN 44 la high to wavenumber n • 7; 
the spectral ratio (Unction la close to 100 to n ■ 4 and shows less than 20 percent 
variation to n • 7; foe spectral ratio function of the differences Is practically zero to 
n <> 4, varies less thnn 10 percent to n = 6 and less than 20 percent at n ■ 7. 

NWL 10E shows a high correlation with SE m to n • 7: foe spectral ratio function 
for the two fi’lds is very dose to 100 up to n - 4, varies less than 20 percent between 
n • S to 7; foe spectral ratio funcdun of the differences la practically zero to u « 4, 
varies less than 20 percent between n • 5 to 7. The degree variances of the difference 
fields as illustrated In Figures s and 7, are close to zero up to n • 7 and reach about the 
name amplitude aa the total fields for higher frequencies. For frequencies n > 7, the 
correlations decay rapidly, the spectral ratio function departs significantly from its 
reference value and the spectral ratio function of the differences rises to large values. 
The correlation coefficient between GEM 6 and WGSN 44 la high (>0, B) to n • 10 
C *>le 3). The spectral ratio function Is close to 100 up to n * 6 (Table 6): the spectral 
ratio function » the difference fields is practically zero to n • 6, leas than 20 percent 
to n ■ 10 except for n « 9 for which It la 27 percent (Table Oh The degree variances 
of the differences are close to zero N> n » 8, reasonably small for n « 9 and 10 and 
equal or exceed the amplitude of those of foe parent fields for higher frequencies 
(Figure 81 For frequencies higher than n ■ 10 or 11, foe correlations decay rapidly 
and foe spectral ratio functions show large variations. 

OEM 6 shows 1 high degree of correlation (50.8) wlti 10E up to n - 10 (Table 3); 
the spectral ratio function between the two fields (TUHe 8) I » practically at its reference 
value to n • 0i foe spectral ratio function of foe difference delds (Table 9) Is zero to 
n - 6 and Is In the neighborhood of 20 percent to D • 10 except for n - 9. The degree 
variances of dlfferencss (Figure 9) are close to zero to n ■ 8, reasonably small to 
n • 10 and acquire or exceed foe amplitudes of those of foe parent fields for higher 
frequencies. Also, for higher frequencies foe correlations are small and foe varia- 
tions of foe spectra] ratio function from their reference values are Urge. 


ANALYSIS AND INTERPRETATION 

For all geopotentlal models compared here, foe correlations are practically 
equal to one up to wavenumber n - 4. For the same frequency range, foe spectral 
ratio funetlo >f the total fields is practloally equal to its reference value of 100 and 
foe spectral ratio function of foe differences is approximately equal to zero. The 
degree variances of the differences are also zero. All this Indicates that foe various 
geopotentlal solutions are completely consistent In this frequency range, bius Is most 
convincingly shown in Figure 10 which shows foe gravity dlfferancee In mllUgalt be- 
tween GEM 8 and SE HI solutions for this frequency range. Notice that foe maximum 
amplitudes of these differences are *2 mllHgals while most of foe differences are In 
the neighborhood of 0 mllllgal ss Indicated by foe rms value of close to zero for these 
differences. 
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Batman the frequency range n = 5ton-Tthe oorre tattoo foncttaa, though 
slightly lass than 1. Is still very doss to one. The spectral ratio fraction of the total 
Helds Is la the neighborhood of Its reference rakse rad variations shown by tbs spectral 
ratio fMr t tc ai of the diffe races are loss than 20 percent. This is supported by fee 
difference degree variances. Thus the various gsopoceotlsl s nln flons are nearly 
Monacal In this frequency range. Tbs extent of their variations is shoe, in Figure 11, 
which Illustrates dUforeacas b etween GEM 6 rad SE ID In fee frequency range of n * 2 
to n - 7. Notice feat while fee maulnamn amplitudes of fee differences reach 8 milUgals, 
fee differences are generally far lees In amplitude and the rms of fee differences is 
only 2. 3 mlllt gala , 

The comparison stmfies Indicate feat In fee frequency range n - 8 to 12 the various 
GEM solutions are Internally consistent as would be expected. GEM sotatlaas also show 
good a g ree men t wife fee NWL solutions to a « 10. Gut fee differences bctwoon SE ID 
and either GEM or NWL models become significant at n » 8. Ttds is demonstrated in 
Figure 12 which shows fee gravity differences to GEM 6 and SE in for frequencies n • 8 
and higher. Notice that fee maximum amplitudes reach 36 mllHgals and whereas these 
amplitude maxims occur In fee soufeetn hemisphere, the gravity differences have com- 
parable amputates rad frequencies to fee northern hemisphere. These gravity ano- 
maly differences have an rms value of 9. 3 mllHgals. 

Figure 13 shows fee total gravity contribution of GEM 6 to fee same frequency 
range. Compare it wife Figure 12 and notice feat the amplitudes of these gravity ano- 
malies are comparable wife those of gravity anomaly differences to Figure 12. Also 
that fee anomalous patterns, though not Identical, are tatrigutagly similar. The rms 
value of these gravity anomalies to 9 milUgals — very close to fee rms value of fee 
gravity anomaly fflfferences shown to Figaro 12. 

The differenc e s to geoldal heights art stag from gravity anomaly tfiffereaces 
shown in Figure 12 are given to Figure 14. The reason that geoldal differences are 
milder to amplitudes as well as gradients than the corresponding gravity anomaly dif- 
ferences is feat the process of transforming fee gravity anomalies Into geoldal heights 
is equivalent to passing fee gravity anomalies through the type of filter (to a spectral 
form' shown to Figure 15. TUs process tends to accentuate fee effects of long wave- 
length gravity anomalies and scale down fee effects of the shorter wavelengths. It la for 
this reason feat geoldal compart sous are not regarded as an Ideal Instrument for com- 
parative and evaluative investigations of fee various gravity solutions. 

The characteristics derived from fee comparison of GEM 6 wife SE m are shown 
more or less by all other solutions feoutfe the value of n may change somewhat to 
each case. Table 10 shows to a summary form, fee concentration of spectral energy 
to fee different frequency ranges of representative gravity solutions. For GEM 6, fee 
total power to fee frequency range of n = 2 through 7 is 119. 8 mllHgals 2 or 816 meters 2 . 
For fee same frequency range fee total power of fee GEM 6 and SE m differences is 

6. 3 mllHgals 2 cr 14 meters 2 . Thus, the differences constitute only S. 3 percent (or 
1. 6 percent for geold) of the total spectral energy la tide frequency range. For fee 
same frequency range, tom! spectral power to WON 44 and I0E 18 123 milUgals 2 and 

121 . 3 milUgals 2 , respect' vely. Their differences from GEM t, LI milUgals 2 and 1 
mllHgals 2 , respectively are less than 1 percent of the total spectral power for feese 
frequencies. Same holds for geoldal comparisons (Table 10). TUs, together wife fee 
comparison studies, is Interpreted to mean that fee coefficients to this frequency range 
are well-determined to all recent geopoteattal solutions, though GEM 6 seems to test 
better against fee independently obtained gravity solutions of the Naval Weapons 
Laboratory. 

However, the picture Is different for higher frequencies. For n > 9 fee total 
rpectral energy to GEM 6 la 79 milUgals 2 , feat In fee differences between GEM 6 and 
8E m ta 88 milUgals 2 so feat fee power In differences Is 109 percent of fee total power 
of the solution Itself. Since GEM 8 is complete only to (16, 18) and SE ID to (18, 18) It 
could perhaps be argued feat fee different cutoff frequency ranges magnify fee differences 
spuriously. However, truncation of fee two solutions at (18, 16) does not change the 
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Table 10 

TYPICAL SPECTRAL CONTENTS OF VARIOUS FREQUENCY RANGES 
OF SOME REPRESENTATIVE GRAVITY MODELS. 



GRAVITY 

mg*h 2 

GEOIO 

METERS 2 


n - 0 - 7 

n = 8 ♦ 

TOTAL 

n = 0 - 7 

n * 8 ♦ 

TOTAL 

GEM 6 

’19.8 

790 

196.8 

876.0 

32.5 

908 5 

GEM 6 SAom 

63 

86.0 

92.3 

14.0 

301 

44.1 


53 

1090 

460 

1.6 

93 0 

4.9 

NWL WGSN 44 

1230 

1J7.0 

260.0 

889 4 

42.3 

931.7 

GEM 6 WGSN 44 

1.1 

1308 

1319 

18 

255 

274 


09 

955 

50? 

0.2 

605 

2.9 

NWL 10E 



1966 

885 8 

340 

919.8 

GEM 6 NWL 10E 



538 

17 

15.3 

17.0 

iEgiliaaO 

08 

695 

274 

02 

45 0 

1.9 


above results Id any significant maimer. GEM 6 seems to compare somewhat better 
with WGSN 44 and 10E is which case the spectral power of the differences constitutes 
about 96 percent and 70 percent of the total spectral powers, respectively. But be 
important point here is that in be higher frequency range ( n > 8 or 10 depending upon 
the models being considered), be difference spectra are of the same order of magni- 
tude as be spectra of be total fields. This has, of course, also been demonstrated 
earlier in Figures 12 and 13 which show that amplitudes of be gravity anomaly dif- 
ferences between GEM 6 and SE m for n > 8 are of be same order of magnitude as 
be gravity contribution of higher frequency coefficients (n p 8) of GEM 6 or 8E HL 
Since NWL 10E and WGSN 44 are classified it is not possible to study belr individual 
gravity differences wib respect to GEM 6 or SE HL But be comparison statistics 
(Tables 3. 6 and 9), indicate bat GEM 6 is consistent wib be NWL gravity fields up 
to n • 10 beyond which be difference coefficients acquire be same amplitude as the 
coefficients of be parent fields. It is bus clear that be individual values of bese 
higher frequency harmonic coefficients should be treated wib caution. 

It is interesting to see be relationship between be surface gravity dab used in 
a typical combination solution and be gravity anomaly <fi iterances between this typical 
combination solution and be associated purely satellite determined solution. Figure 16 
shows be gravity anomaly differences between GEM 6 and GEM 5 solutions. The basic 
distribution of b ■ surface gravimetric dab used In be GEM 6 combination solution is 
shown In Figure 17. There seems to be no consistent relationship between surface 
gravimetric dab coverage and the gravity anomaly differences. 

Let us now examine Table 11 which gives rms values of observation residuals for 
weekly orbital arcs based on optical dab for 23 satellites, 11 dally arcs based on USB 
Doppler dab for ERTS-1 satellite, 22 BE-C short arcs based on laser dab, long term 
zonal perturbations on 21 satellites and >tob of residuals wib respect to 5* x s° surface 
gravity anomalies (Lerch et aL , personal communication). Note tint ERTS-1 Doppler 
arcs and BE-C User arcs were not used in be computation of gravity models considered 
here and bus deserve special weight. Wib be exception of GEM 4 , be orbital residuals 
from all other GEM solutions are nearly equal and while those baaed n GEM 6 and 
GEM 6 show some improvement relative to GEM 3 and GEM 4, bey seem to show no 
recognizable improvement over GEM 1. 

















SUMMARY OF GRAVITY MODEL COMPARlSSS WITH SATELLITE AND GRAVIMETRY DATA 


MODELS 


GEM t 

GEM 3 

GEM 4 

GEM 5 

GEM 6 

SAOS.E II 

SAOS.E. Ill 


OPTICAL DATA ON 
IW6KLV ARCS TOR 
23 SATLLiirts 

I SECONDS Of ARC I 


2 54 
2 71 
3.10 
237 
2.74 
3.44 


oss Dom.cn- 

OATA ON II DAILY 
CRTS I ARCS 


ON 22 Sit J&P T * "M 00 A L 
5M °" T ARCS 21 SATELLITES 


•DATA tor these TWO CATECOR.es WERE INDEPENDENT Of THE SOLUTIONS TOR ALL YODELS 


• VKRHKSTlAt 

ORAVITY 1 
ANOMALIES 


(METERS! (RELATIVE MEASURE) (MOAU 


59 

1.33 

3.62 

125 

5.9 

2.00 

2.92 

12.3 

7.2 

4.06 

2.89 

12.2 

5.9 

1.54 

3.13 

12.3 

5.5 

1.65 

2.97 

11-6 

10.3 

2.51 

5.49 

12.8 

11.2 

- 

- 

12.5 
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The ran with respect to gravimetric data la com p ute d from <(g T • g,) > > where 
g T denotes the 8* x 5* mean gravity anomaly based on surface gravity date aad g, is 
tee corresponding gravity value c omput ed from tee specific geopr - .ttal model. OEM 
6 seems to agree with the surface gravity date somewhat better than tee other models. 
But it is probably doe to tee fact teat tee set of moan surface gravity anomalies used 
la the computation of GEM 6 la tee same as that used in tee computation of rms 
residuals, whereas it is somewhat different from teat used in obtaining earlier GEM 
and 8E solutions. 


CONCLUSIONS 

1. The spherical harmonic coefficients of Earth's gravity Said up to n = 4 seem to 
have been determined accurately. 

2. The geopotential coefficients corresponding to wavenumbers i>S through 7 seem 
to have been determined quite accurately though they show minor tfifierences from 
one solution to tee other. 

3. The geopotential coefficients for wavenumbers n ■ 8 through 10 seem to be de- 
termined fairly accurately In GEM 6 and NWL solutions. 

4. For frequencies higher than n > 11, tee various geopotential solutions seem to be 
very divergent and although a cumulative contribution of these frequencies seems 
to make a marked Improvement in tea satellite orbital residuals, the significance 
of their Individual values and their geophysical contribution are not clear. 

5. While tee satellite orbital data make tee predominant contribution to tee geo- 
potential coefficients up to wavenumber n - 10, tee higher frequencies (par- 
ticularly a > 12) seem to be primarily controlled by tee surface gravimetric 
contribution. The tall potential of fids contribution, however, does not appear to 
be realized In combination solutions. 

6. While the value of the additional classical tracking data In Improving fite descrip- 
tion of file Earth's gravity field in long wavelength components cannot be over- 
stated, their contribution in extending the range of frequency of Earth's gravity 
field description is uncertain. New tracking data types such as laser, saieilite- 
to- satellite and altlmtery data seam to have the potential of improving the fre- 
quency range of Earth's gravity field description but a quantitative assessment of 
teelr Impact is difficult at fids stags. 

7. On the basts of analysis reported here, It is difficult to select a particular GEM 
solution over other GEM solutions. For geophysical studies, however, GEM 8 

is recommended because of its more updated and extensive data base. For stud- 
lea based on orbital dynamics, either GEM 1 or GEM 8 seem suitable. 

NWL 10E or WG8N 44 are not available for such studies. 

A note of caution. The analysis reported here is not against an absolute standard 

but on a relative basis so that each field which is being tested Itself forms a standard 

of comparison for other fields In the evaluation process. 


APPLICATIONS TO MARINE GEODESY: 

1. In areas where only an isolated ship gravity profile is available the satellite 
determined gravity field can provide a better estimate of the average gravity 
In the area, 1, e„ mean gravity anomalies (at appropriate frequency range) than 
tee profile data. 
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2. The long wavelength portions of the satellite determined gravity field would pro- 
vide useful controls for the drift and base calibration adjustments of the ship 
gravimeter. 

3. The long wavelength components could be used to apply a regional correction to 
obtain localised marine gravity anomalies tor local studies. By die same token 
the definition of the reference surface could be extended from an ellipsoidal 
model to a higher degree reference surface in order to compute the residual 
anomalies in the frequency range of particular interest. 
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Figure 1. Degree Correlation Function 



Figure 2. Degree Correlation Functlou 
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Figure 3. Degree Correlation Function 
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Figure 4, Spectral Ratio Function 
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Figure S, Degree Variances: GEM 6 and SE m 
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Figure 8. Degree Variances: SE HI and NWL WGSN 44. 
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Figure 7. Degree Variances: SE til and NWL 10E 



Figure 8. Degree Variances: OEM 6 and WG8N 44 
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ISO 270 o 90 m 

Figure 10, Fret* Air Gravity AnomaHra baaed on differences between SK II! and 
GEM n (2, 0-4, 4). 


10 * 






¥i mre is, I rer Air Gravity Anomalies based on differences between SE fli and 
GEM « (», 0 higher). 
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Klgure 35, Spectral conversion (actor from gravity anomalies to geolute! heights. 
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Figure V v V Hurfece gravity coverage. The number of dots in each -»* • •> ; 

squaw indicates the number of J* ' 1* mean anomalies used in compliant; the !>' - 5* 
mean gravity anomaly In that square 
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FOR MAR IRE GRAVITY REQUIRE HERTS 
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Hava 11 Institute of Geophysics 
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ABSTRACT 


In order to approach e ±\ ngal marine gravity accuracy, the 
the Eotvos correction should be as accurate as possible. 

Without ao Inertial navigation system, rsvlgation uncer- 
tainties can produce Eotvos correction errors froa 1 to 10 agel . 
Shipboard navigation aids used aboard RV KARA KEOKI of the 
Pawafl laatlcute of Geophysics, coupled with a computer program 
for navigation adjustment cao reduce the Eotvos error to il ngal, 
resulting in a gravity reliability of *1.4 ngal . Gyro couraes 
and associated errors are accounted for, and circular arc turns 
with start and finish tines known to a few seconds of time are 
employed. Speed ard elapsed niles through the water are 
recorded. Satellite fU positions are corrected in the computer 
program for initialisation errors. More than 100 recomputes of 
satellite fixes between 40 and 6S degrees elevation indicate 
chat the longitude error per knot north departs significantly 
from the error curves published by Stanaell. The longitude 
error in nautical miles per knot north is greater than Stansell** 
by 0.02 at 40* , 0.06 at 60*, and 0.00 at 70* satellite elevation. 
For a sequence of fixes A t B, C obtained while the ship is not 
doing excessive naneuverlng, corrected B from AB agrees with 
corrected B from BC generally within a few hundredths of a mile, 
even though the correction of B may be 0.S mile or so. 
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Compnrls jqs of open ocean sea gravity results obtained by 
different investigators in the same area shows that crossing 
agreement of from !0 to 20 ngal is quire common, agreement of 
5 to 10 ngal is loss so, and 0 to 5 ngal agraenanc is seldom 
found. Some of this discrepancy could be caused by the gravi- 
meters. The most Likely source, however. Is error in the Eotvos 
correction which is directly linked to navigation. 

The purpose of this paper is to examine navigation dead 
reckoatng (DR) evants, and procedures in order to evaluate 
possible errors in the Eotvos correction. Since we ar« most 
familiar with our own ship and procedure" we will use examples 
taken from them. 

The marine research actlvlt,/ of th* lavall institute of 
Geophysics have been carried ou in the » ,*t three years on a 
relatively small vassal (160 fast) the R< V KARA KEOKI. Inves- 
tigations are multidisciplinary, Involving underway as well as 
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on -a tat ion work. Speed as well se coarse changes are quite 
co meion. The sea gravimeter on hoard is LaCoste and Romberg S3) 
with a gyro stabilised platform. There do not seem to be any 
serious problems with cross-coupling correction, drift, or cali- 
bration. The only limitation we have found to obtaining ±1 mgal 
accuracy is the error in the Eotvos correction. For this reason 
we take special care with the navigation procedures. 

Position control almost always consists of satellite fixes 
from the Navy Navigation Satellite System. Other control such 
as Loran or VLF Omega would be welcome, but are not very useful 
in areas where RASA REORI usually operates. These areas include 
the Solomon Islands, the south central Pacific, and the Haxca 
Plate off western South America, navigation procedures are 
complicated by the frequent course and speed changes sometimes 
required for studies other than the gravity observations. 
Accurate adjusted DR requires accurate information as to course, 
speed, and times of occurrence of navigation events such as 
speed change, course change and end of course change. 

The aids to DR, employed on KARA KEOKI at the present time, 
in addition to the gyroscope and automatic-pilot, are a Sperry 
course recorder, a shaft rpm recorder, and a Chesapeake Instru- 
ments electromagnetic speed log with associated recorders. The 
course recorder chart speed dri/e is too slow for accurate deter- 
mination of the start and end of a turn, so the ship's officers 
endeavor to start a turn on an even second of an even minute of 
time. The elapsed time from the start of the turn to the first 
crossing of the new heading is taken to within a few seconds. 

The analog knots recorder is unfiltered and is driven from 
precision AC, so it functions as an excellent "lie** detector 
for the start time ot speed changes, as well as an excellent 
indicator of time required for a steady state new speed to be 
achieved. Elapsed miles to 0.01 nautical mile are printed once 
a minute by a printing counter. 


DR SPEED ERROR 

Probably the largest source of error ir adjusted DR navi- 
gation, except for blunders, is the DR spee through the water. 
In the case where *:he ship has no speed lo&, and engine or shaft 
revolutions are used to estimate speed, one must account for the 
direct effect of wind and sea on the ship. With KARA KEOKI, a 
twenty knot wind directly on the bow will slow the ship down by 
at least one knot from the speed expected on the basis of shaft 
revolutions per minute. Merely because the DR speed error is of 
no consequence when the ship is on a long straight run between 
fixes (except forthe error in calculated apparent current), does 
not mean that the DR adjustment to the fixes will always 
magically remove DR speed errors. To illustrate this, consider 
the case of a ship at the equator receiving e good fix and sub- 
sequently travelling due east at 10. 0 knots through the water 
for exactly two hours until it turns due south. Assume that the 
turn is a point turn. Now the ship proceeds due south for 
exactly one hour at which time another good fix is obtained. 
Assume that there is no wind, wave, or current action present. 

If there is no error in the DR speed, the DR end position is the 
same as that for the second fix, and the adjusted and DR tracks 
are identical. However, if there is an error in the DR speed 
through the water, the Eotvos correction can be very much in 
error. The errors associated with l, 5 a-J 10£ speed errors for 
the example are given in Table 1. 
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TABLE I. Errors la Adjusted DR for 1, 5 aad 101 
Errors la DR Speed 


OR SPEED ERROR l 

0 

l 

5 

10 

FIX 1 TO TURK KTS 
ADJUSTED CSE DEC. 

EOTVOS CORR. HGAL 
TURN POINT H. NI. ERROR 

10.00 

090.0 

75.0 
0.0 

10.03 

089.8 

75.2 

0.07 H,E. 

10.17 
089. 1 
76.3 

0.34 R.E. 

10.34 

088.2 

77.5 

0.67 R.E. 

TURH TO FIX 2 KTS 
ADJUSTED CSE DEG 
EOTVOS CORR HGAL 

10.0 

180.0 

0.0 

10.07 

180.4 

-0.5 

10.34 

181.9 

-2.6 

10.69 

183.6 

-5.0 

APP. CURRENT SET DEG. 
APP. CURRENT DRIFT KT 

0 

0.00 

297 

0.07 

297 

0.37 

297 

0.75 


tf the speed error is a staple percent because of either a 
pcor calibration, or a shift la calibration, it can be evaluated 
from looking at the apparent current la a particular area for 
various courses. The wind and sea conditions aust reaain 
reasonably constant, of course. The samples should be tiles 
within a few hours of each other and well controlled by fixes. 
This kind of problem has been discussed by Taiwan! . et al. (1966) 
and Talwanl (1971). The ideal type of sample consists oF reci- 
procal straight courses, each having a good pair of fixes. For 
such a case, the Man speed nude good and mean DR Sfeed should 
be the sane unless the DR speed has an error. Because the effect 
of current has been cancelled through use of reciprocal courses, 
the percent error In DR speed can be evaluated directly. 


SPEED CHARGES 

The distance travelled through the water after the start of 
a speed change can either be taken from the distance indicator 
of the electromagnetic (or other) speed log, or It can be cal- 
culated on one of three different assumptions: Instantaneous 

speed change, average of Initial and final speeds, or an equa- 
tion taking into account viscous drag factors during the change. 
Ideally the best way is to use the elapsed miles from the dis- 
tance indicators. Unfortunately, this is not always possible, 
because of excessive sparker interference, failure of the miles 
printer, etc. In such cases, an equation that gives results 
agreeing very well with actual miles can be used. 

The derivation that follows was developed in 1971 on a 
tentative basis by Dr. Hilton Hardy of the Hawaii Institute of 
Ceophyslcs: Assume chat the distance travelled after a speed 

change depends on a drag factor related to a viscosity para- 
meter as well as the square of the ship's instantaneous velocity. 
For a velocity V, a thrust, F, of the propellors, and a viscosity 
parameter a, the thrust and drag cancel during a steady-state 
condition, and 

F • «*V 2 (1) 

During a speed change, an additional force mV exists so that 

BV - - a*V 2 (2) 

Assuming that initial and final thrusts and F* respectively 
are steady state conditions, the relations are: 
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An increase in ipeed would give 

■•V - •*!*( - v l ] 

v - amv 2 - * 2 I ; A - s <» 

which has che solution 

V - » £ «(tanh(t«oh‘ l (V 1 /* f ) ♦ A»V f *t/60)) knot* (A) 

and the drag factor can be calculated froa 

,<H-V/V f ) 

a - (*o/(2*» f *t)) in t ( i.v/T f T iiir t +n „ <S> 

for speeds in knots and tine in minutes. Letting P * A*Vf*t/60, 
integration of equation (4) yields the nautical ailes travelled, 
which can be written as: 

AL • (l/A)*ln((exp(P)*(l^ 1 /V f )^exp(-P>(i.? 1 /? £ ))/2). (6) 

A reference tiae Interval of five alnutes was adopted for R/F 
KAMA KBOKI, as this is long enough for steady-state conditions 
to be achieved on either an Increase or decrease in speed. 
Equations (S) and (4) can be shown to apply equally well to 
speed Increases or decreases; however, Vf should be made equal 
to soae small nuaber rather than Kero, should the case arise. 

Figure 1 i hows soae determines Ions of A for R/V KARA RE0K1 
and Figure 2 shows comparisons between miles travelled according 
to the electromagnetic sword and the ailes calculated from 
equation (6). The agreement is within a few hundredths of a 
mile at four minutes and so is quite satisfactory . Use of either 
average speed for speed changes, or instantaneous speed change 
assumptions leads to errors in adjusted position of about 0.1 
ml and Eotvos correction errors of one mgal or more. 
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Figure 1. Determination of R/V KARA KIOKI dreg-factor "A" froa 
equations (5) for aeverel speed change*. 
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Figure 2. Comparison of distance travelled after a speed change 
as deteraiiaad theoretically from equation (6) with that obtained 
experimental ly froa the electroaagnetlc speed log. 

TIIRHS 


The proper vey to treat a turn for DR adjustment mold be 
to nse the advance and transfer characteristics of the ship. 

For a ship the sice of the 160 foot RASA KEOKI, nith no skega 
and a flat rnn aft to the rodders, turns are usually aade olth 
a 3* rudder angle. So called "mud boats" of this kind can 
virtually turn 180* in their ova length. We have adopted the 
assuaption that the corns of KARA KEOKI can be treated as cir- 
cular arcs, vhlch is probably raasonable because in any sea 
state greater than aoderate the ship turns are strongly affected 
by waves. The advance and transfer of KARA KEOKI have never 
been deceraloed. However, a number of turns were monitored 
carefully with respect to elapsed tlae. Figure 3 shows three 
of then. The two on the left are the usual "well-behaved'* S- 
shaped turns, and the one on the right is a "bad" torn for the 
circular arc assuaption. For a circular arc, the radius of the 
turn, R, in nautical alias is given by: 


R 


F*Atn 


6 

~sr 


( 7 ) 


where V is the aean speed in knots during the turn, it a is the 
duration of Che turn in alnutes, and li is the number of degrees 
Involved. It should be noted that the ship's speed generally 
drops for turns larger than 10*. For turns larger than AS* a 
speed loss of 201 is not unusual. After crossing the new course^ 
the ship usually gets back up to cruising speed within 30 sec- 
conds. To get an estiaata of position displacements involved, 
straight-line approximations to segments of two of the turns in 
Figure 3 were used to calculate the effective turn radius corres- 
ponding to each segment of a turn. The analog recorder associa- 
ted naan speed for each segment was used. The end point was than 
compared with that obtained with an assumed circular arc turn 
whose radius was calculated from (7) using the analog spaed 
recorder mean for the total turn. The total time interval was 
taken to be froa the initiation of the turn to the first 
crossing of tha new course. The results are shown In Figure A, 
which shows that the displacement error in a circular arc 
assumption can be as small as 0.02 miles for a well behaved 
turn, and as large as O.li miles for a "bad" one. In any case, 
however, it is obviously better to use some kind of arc assua- 
tion rather than a point turn, which would have resulted in 0.23 
and 0.14 mils errors in latitude and longitude respectively for 
the "bad” turn. 
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ttAPSEO SECONDS 


Figure 3. Several turns of R/V KARA ICE OK I plotted as a function 
of tine. The end time Is the first crossing of the new beading. 
Straight line segments between lettered points were used for 
calculating the effective turn radii. Total speed-loss in knots 
during the turn is given in the parentheses. 



Plgure A. Comparison between the end positions of a turn by 
segments, and by a circular-arc and total tine Interval assump- 
tion. The left-hand and right-hand figures in Figure 3 were used. 


It is important to distinguish between the time of first 
crossing the new course (XKC) and the old favorite phrase 
"steady on” (S/0). Use of the latter usually means that tha 
helmsman has been fiddling with the steering for some time after 
XKC in trying to get the new course to approximate the new 
heading. A turn radius based on the time difference between 
"change course" (CC) and S/0 would therefore be quite unrel labia 
On our ship the bridge officers use a stopwatch to get the CC to 
XKC time Interval. They also activate an event marker button 
briefly for each event. The signal goes on to most of the 
science laboratory recorders. 

An example of the consequences of using a point turn 
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assumption will be illustrated for the case of a ship vith KANA 
KEOKI characteristics: There is no current, no wind, and the 

ship is at the equator. The ship proceeds frou fix A at 0000:00 
tine cn course A8 deg at 10.00 kt for one hour. At 0100:00 the 
ship starts a course change of 90* right to course CD deg and it 
crosses the new course at 0102: 15. Assume that it lost no speed 
during the turn. Its true turn radius is 0.25 nautical mile. 

It proceeds on course CD. At 0200 a new fix is acquired. 

Because there is no wind and no current, the 0200 DR position 
coincides with the 0200 fix position if a circular arc turn of 
radius 0.25 miles and 2®15 8 turn duration has been used for the 
DR. No adjustment is necessary. If a point turn assumption had 
been used, the DR positlcs and the 0200 fix would have been 
different and the adjustment process would have created a fic- 
ticicus 0.25 kt apparent current. 

For a point turn the corner would have been incorrect in 
position by 0.125 mi, and the errors in the E0TV0S correction 
for the two segments would have been as follows: 

False E AB -True E AB «7 . 5* [ 10 . 1 25*s in(AB" + . 7) -10 . 0*s in(AB* ) ) mgai 

raise E CD -True E c|) -7 . 5* (9 . 875*s in(CD' 7) -^|j*sin(CD”) ) mgal 

If course AB is 045* the AB and CO errors are +2.3 and *0.7 mgal 
respectively, and if AB Is 090° the errors are +0.9 and +0.9 
mgal respectively. The conclusion is obvious: It is better to 

use an arcuate turn than a point turn assumption, even if one 
has to estimate the turn duration. 


GYRO ERROR 

Gyro compasses are generally set by the bridge officers to 
compensate for speed and damping errors approximately every 
three degrees of latitude. The expected gyro error, GEg , would 
be the difference between the calculated error and the compen- 
sation, taking into account the latitude and speed differences 
from the compensation setting. The gyro error observed by the 
bridge officers should be normalized to the equivalent latitude 
and speed of the compensation setting by subtracting CE». For 
a Sperry Mk 14 gyro, the total speed and damping error in degrees 
for which the compensation is set, GEc* 1® given by 

GE C - -0.0635*V c *cos C/cob<p c + 1.7 tan <p (8) 

where V c and q> c are the compensation knots and latitude respec- 
tively, and C Is the ship's course. The expected error is then 
the difference, at some other speed and latitude, from GE C> or 

GE £ • 0 . 0635*cosC*( /co8ip c -V/coscp) -1 . 7*( tancp c -tan«p) (9) 

end the error observed by the bridge personnel GE-, with res- 
pect to celestial objects and normalised to the compensation 
setting situation Is given by 

ce bc * ce b • GE E- < 10 > 

A fixed error In the DR course tends to be removed completely 
in the navigation adjustment process, because it amounts to a 
rotation of coordinates. Also, at normal cruising speeds, CE E 
will be negligible. However, from (9) it is seen that when 
there it an appreciable difference between V and V c , CE~ can ba 
perhaps 0.3 deg. In a worst case north-south course this could 
be 0.4 mgal and should not be Ignored. 
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SATELLITE FIX POSTTION ERROR 

The Navy Navigation Satellite System has been discussed by 
Staoaell (1970), and Its use at sea by Talwanl . et al . (1966). 

The particular matter to examine here Is the fix position 
error which can be caused by Incorrect course and speed initia- 
lisation of the satellite receiver. This can be the result of 
operator error, strong local currents, etc. In particular, we 
were concerned about the relatively large longitude errors 
which result from initialisation errors In the north component 
of the speed. We plotted the position errors from more than 
160 satellite fixes in which the knots north and knots east 
errors were known. Twenty-six of these were taken from Talwanl 
et (1966) and twenty from Hatske (1971). The rest were all 

Hone by us as recomputes. There was no apparent difference 
between the Stansell curves and the data we examined except 
for the case of longitude error per knot north. This is shown 
in Figure S. The open squares with error bars are from the 



ELEVATION DEGREES 

Figure 5. Nautical miles error In latitude (lower curve) end 
longitude (upper curve) per knot north error In Initial lest ion 
of the satellite navigation system. Lower curve and upper oper. 
squares are equivalent to latitude and longitude errors respec- 
tively ss published by Stansell. Open circles are from recom- 
putes specifically intended to examine the longitude error for 
elevations larger than 50 deg. 
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published Stansell curve of longitude error per knot N. The 
open circles show specific fixes obtained at sea in 1972 for 
which the elevation was usually 50 or more degrees above the 
horiaon. They were recomputed for the three cases: Zero knots; 

one knot north; and one knot east. Ve have adopted the upper 
curve shown in Figure 5 for the longitude error per knot north. 
The differences in nautical miles error between the curve and 
the points taken from Stansell are 0.02, 0.04 and 0.06 at 40, 60 
and 70 degrees elevation respectively. 

The direction of the latitude and longitude errors depends 
on the geometry of the satellite pass. Our navigation program 
uses an iteration loop to correct the position of all satellite 
fixes we use. For a sequence of fixes A, B and C, the A to B 
adjusted B position generally agrees with the B to C adjusted 
B position within a few hundredths of a mile, even though the 
correction may be as large as 0.5 mile. 

The effect of satellite position fixups on track crossing 
errors was checked for two site surveys done with KARA KEOKI in 
1971. For "Site 3" there were 77 tracks for 35 crossing samples 
‘ r 42 degrees of freedom. The site 3 seas were state 1 to 2. 

'■- standard deviatiun was ±1.9 mgal for the case of no fixups, 

* ’’.75 mgal with fixups. Assuming a one-ragal gravimeter 

'*rr». he implied navigation errors are ±1.6 and ±1.4 mgal 
rew**» **, a slight improvement of 0.2 mgal. For another 
location »ite 4", where sea states were 5 to 6, the before 
and after fixup standard deviations were ±3.1 and ±2.5 mgal 
respective*? . Por this site the gravimeter error is assumed 
to be ±2 mgal. Then the implied navigation errors are ±2.4 
and ±1.5 mgal respectively, a significant Improvement. At site 
4 there were 65 tracks and 32 crossing sample locations for J3 
degrees of freedom. 


CONCLUSIONS 

1. The largest errors in the adjusted DR track could 
easily be the result of DR speed errors. These could 
be caused by no speed log, speed log calibration error, 
or interference with the speed log caused either 
electrically, or mechanically as with cavitation or 
skin effects. In the case of calibration, error 
smaller than 51 is difficult to detect because then 
the adjusted track would exhibit Eotvos correction 
errors of only a few mgal. 

2. The most direct and accurate DR procedure for speed 
changes is to use elapsed miles (suitably corrected 
for calibration error) from the speed log to bridge 
the transient time Interval of the speed change. The 
next best method appears to be the use of an equation 
that takes the drag of the water on the ship into 
account. The use of old speed and naw speed average 
for DR through a speed change can easily result In 
position errors of 0.1 n.m. and Eotvos correction 
errors of 1 mgal. 

3. The start time as well as duration of a turn are very 
important. In case the duration is unknown, it should 
be estimated. In case advance and transfer charac- 
teristics of the ship are unknown, a circular arc 
assumption should be used. A point turn assumption for 
our ship leads to Eotvos correction errors of about 1 
mgal . 

4. Gyro errors are usually not very serious because they 
are conatant and are corrected as coordinate rotation 
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in the DR adjustment. For ship speeds quite different 
from that for which the compensation was set, the 
Eotvos correction for essentially north-south courses 
could be off by 0.5 mgel. 

5. Satellite fixes can easily be off in longitude position 
by 0.1 n.m. if errors in initialised course and speed 
are not taken into account. 


6. For a localised area survey Involving turns, speed 
changes, etc., possible Eotvos correction errors 
might be as follows; 


Source 


Mgal Error 


Speed calibration 

Speed change DR assumption 

Turn DR assumption 

Turn error 

Tima of event error 

Gyro error 

Satellite fix position 

Net Variance 


2.0 

1 

0.9 

0.5 

0.3 

0.2 

Li 2 

6.44 (mgal) 


Thus navigation DR adjustment alone might result in 
±2.5 mgal uncertainties. If a ±2 mgal gravimeter 
error is assumed as well, the net error could be ±3.2 
mgal. If another ship had similar errors, the cross- 
ings of the tracks of the two could easily show errors 
of ±4.5 mgal or so. 

7. An obvious Improvement would be the use of an inertial 
navigation system to provide E-W velocity components. 
This would be expensive. 
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ABSTRACT 

For position finding at aea different navigation systems are 
available. Unfortunately the accuracy of these systems is in most 
cases insufficient for marine geodesy. This problem can be over- 
come partially by integrated navigation, that means a combination 
of different navigation systems in such a way, that the qualities 
of the combined system are better than the qualities of its com- 
ponents. A good tool for such a combination is the Integrated 
navigation by least square adjustment which is under development 
by the Institute of Air Navigation of the University of Stuttgart 

The principle is the following: The bas*„. ivigational 
system of a vehicle (ship or aircraft) is e dead reckoning system 
(DRS) , e. g. an inertial navigation system (INS) or a Doppler 
navigation system (DNS) . This DRS, the accuracy of which is main- 
ly depending on some systematic errors, is combined with other 
navigational aids by a computer in such a way that its most 
important systematic errors can be determined and taken into 
account by corresponding corrections. 

The other navigational aids Are used to get control measure- 
ments, e. g. distances, bearings, differences of distances etc., 
which refer to points with known position. Simultaneously just 
the same quantities for the indicated D. R. position are computed 
The differences between the measured and the computed quantities, 
which are caused by the errors of D. R. and the errors of 
control measurements, are described by observation equations. 
These observation equations take into account the influence of 
the most important systematic error sources of the DRS and in- 
clude all other errors as unknown corrections. The quantities 
of the systematic errors, which are described by the error model 
of the DRS, are t'.vi. determined by a least square adjustment and 
are used for a corresponding correction of the DRS. 

The method is demonstrated for an integrated INS/LORAN reap. 
INS/OMEGA system, possibly combined with the Navy Navigation 
Satellite System. The data can be processed in real time during 
cruising. A more complex but also more accurate method is the 
evaluation of the navigation data after the mission. In this 
case the data of the different navigation systems must be stored 
in short time intervals. 
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INTRODUCTION 

For position finding at sea different navigation systems are 
available i such as OMEGA, LOPAN, Satellite Navigation System, 
Inertial Navigation Systems, etc. For marine geodesy the accuracy 
of these systems is in most cases insufficient. This problem can 
be overcome partially by integrated navigation, that means a com- 
bination of different navigation systems in such a way, that the 
sualitles of the combined system are better than the qualities 
Its components. Kalman filtering has proved to be a good tool 
: such a combination. A much simpler method is the inteerated 
no igation by least square adjustment which is in development 
by the Institute of Air Navigation of the University of Stuttgart. 


PRINCIPLE 


The principle of this method is the following: The primary 
navigational system of the vehicle (ship or aircraft) is a dead 
reckoning system (DRS) . This can be an inertial navigation 
system (INS), a Doppler navigation system (DNS) or, less accu- 
rate, a classical dead reckoning system, which determines the 
path from speed and current resp. wind. Er.'or analysis of DNS has 
shown that the accuracy is mainly depending on some systematic 
error sources which are constant or only slowly changing with 
time (5, 6 J . The same behaviour, though somewhat more complex, 
can be expected of INS. Hence we can expect an essential imprcve- 
ment of accuracy if it is possible to determine the most impoi- 
*<mt systematic errors of the DRS and to take them into account 
y corresponding corrections. 

This can be done by combining the DRS with other navigatio- 
nal aids by a computer in the following way: The other naviga- 
tional aids are used to get control measurements, either con- 
tinuously or from time to time. These measurements include 
according to the available ground based navigation system distan- 
ces, differences of distances, bearings, etc., which refer to 
points the position of which is known. Simultaneously just the 
same quantities for the indicated D. R. positron are computed. 

The differences between the measured and the computed quantities, 
which are caused by the errors of dead reckoning and the errors 
of control measurements, are described by observation equations. 
These observation equations taka into account the Influence of 
the most important systematic error sources of the DRS and in- 
clude all other errors as unknown corrections. The values of the 
systematic errors, which are described by the error model of the 
DRS, are then determined by least square adjustment. So there is 
no difficulty to calculate the influence of the systematic errors 
on D. R. and to git a corresponding correction. 


ERROR MODELS OF INS 


The error model of INS is usually described by a set of se- 
cond order differential equations. For a least square adjustment 
an essentially simplified error model with linear combination of 
the unknowns is required. For a cruise of three hours or shorter 
with approximately constant speed and course, the error model can 
be described according to [3] with good approximation by the 
following equations: 


P'dB ■ X, • *in tot eXj -eo* wt + x^-t , O) 

aij • r-cosB'AL-Xf + Xf-sin u;t ♦ x 7 cos wt ♦ x $ - 1 , < 2 ) 
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A 6 m northern component of position error, 
a <1 • eastern component of position error, 

r • mean radius of the earth, 

6 • latitude, 

aB - errcr in latitude, 

aL - error in longitude, 

■ unknown parameters of IN8, 
u> • Schuler circular frequency, 
t ■ time. 

If we reduce the duration to IS minutes or shorter the 
error model can be simplified according to (7) to 


aB« a8 m *(B'-B m , )-k -(I'-tl) ’ «•« 6m aT , (3) 

aL-AlmACL'-Lm'j kMB-B^ secBl aT + U’Oton Bm-dB M . (4) 



ABm.aLm » 

k«av/v' . 
aT 


error of indicated latitude B* resp. longitude L‘ , 
mean values of all indicated values B* and L' with- 
in the time interval taken into account, 

corrections of B' and LI , 

m m t 

influence of speed error AV, V » me a., value of 
indicated speed, 
course error. 


This model is especially suited for an airborne INS by which 
a flight path of 200 km or more can be covered within IS minutes. 


Ili 'ECRATED 1NS/L0RAN-NAVIGATI0N SYSTEM 


As an example an integrated XNS/LOHAN-Syetem is described 
in the following, Fig. 1. The main components are the INS, a 
LORAN-c receiver, an atomic clock and a computer. The integrated 
system is operatod within the range of the LORAN chain with the 
transmitters S., S,« S,. By the LORAN receiver usually the hyper- 
bolic coordinates TR, - R.) and (R, - R, ) are measured. This has 
the disadvantage that the adjustment is^complicated by the fact 
that the measured quantities are not independent but correlated 
by the range R, . To overcome this difficulty we do not measure 
range differences but ranges themselves [2] . This can be done 
with the help of an atonic clock (9] .In this case we measure 
the times of arrival of the signals transmitted by the different 
stations with the atomic clock, and determine the unknown clock 
correction or the corresponding distance correction simultaneous- 
ly with the other unknowns by adjustment. The range method is 
more accurate than the range difference method because of its 
better geometry and because the disturbed LCRAN signal is not 
compared with another disturbed LORAN signal bvt with an un- 
disturbed normal frequency [2, 4] . 


The available data are integrated in the following wayi We 
compute in regular time intervals, for exar.ipie every minute, the 
lengths Rj , Rj , RI of the geodesics from the INS-posltlons B', 

L' to the'LORAN-stat :.e s., S,, S, and compare these ranges with 
the measured ranges i , R*. The differences between the 

measured and computed .Set are explained by observation 
equations of the following typei 


v» -jr ■ 4&T (», a x, ■ sin wt ♦ x, • to* wt ♦** • t ) 

♦ ^ceiT ’ 'I {r (*»♦*« sin u»t ♦ H, cot wt ♦ c-(R*(!'J 


(5) 


I 
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R*, f (B*. L’, 8, . L») , 


( 6 ) 


V 

r 


*1. 



unknown correct ion f 
mean radius of the earth, 
unknown parameters of INS, 
unknown correction of the clock, 
speed of electromagnetic waves. 


Each range measurement gives such an observation eguat‘on. 

If more than 9 measurements are available, the unknown quanti- 
ties X,... Xe are determined by a least square adjustment. 

The adjustment is repeated in regular time intervals, for example 
every 5 minutes. That means that the accuracy of the error para- 
meters is increasing with the number of control measurements 
which are processed by the adjustment. The parameters determined 
are used to correct continuously the output of INS. The corrected 
values B, L are more accurate than the values B', L' the un- 
aided INS. They are also better than the positions which are 
derived from LORAN only, because the integration method cm be 
understood as a means to average the bORAN positions over a long 
time respectively a large distance. 


OTHER POSSIBILITIES FOR INTEGRATED NAVIGATION 

The integrated INS/LORAN-Navigation is applicable only with- 
in the area covered by LCRAN. A worldwide but somewhat less 
accurate system could be ec*-»blished by the Integra .io:i of INS 
with OMEGA and the Naw Navigation Satellite System (NNSS). The 
INS/OMEGA-System would average the short periodic errors of 
OMEGA and would be corrected for a great deal of long periodic 
errors about every 90 minutes by NNSS fixes. If we add an atomic 
clock both OMEGA and NNSS can be operated as range systems and 
the data can be processed by least square adjustment in a way 
which is similar to the described INS/LORAN-system. A further im- 
provement could be obtained if Dlfferentlal-OMEGA would be 
available. In this case the change of velocity of electromagnetic 
waves would be controlled by a receiver at a fix position in the 
neighbo rhood of the ship. 

Other possibilities for integrated navigation of ships are 
the combination of D PPLER SONAR + COMPASS with NNSS [1,8] for a 
water depth up to 400 m and DOPPLER SC 1AR ♦ COMPASS with NNSS 
and LORAN-C [4] for operations in deep sea. In both cases the 
different components could be Integrated by least square adjust- 
ment. 


EVALUATION AFTER THE MISSION 


The described method of Integrated navigation can be under- 
stood as a calibration of the dead reckoning system by each 
adjustment and an extrapolation of the last state vector until 
the next adjustment is completed. That means that the accuracy 
of the integrated system is changing with time. At the beginning 
the accuracy will be relatively low because only a limited number 
of control measurements is available. Within the period of 
validity of the error model of the DPS the accuracy will increase 
from adjustment to adjustment because the DRS is updated by ?r> 
increasing number of control measurements. If the period or 
validity of the error model is exceeded the accuracy of the 
integrated system will decrease because the influence of the 
neglected errors is increasing with time. 
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These disadvantages can be overcome If during the mission 
the data which are to be processed are stored on magnetic or 
punched tapes, and if the stored data are adjusted afterwards. 
In this case we get a higher and more uniform accuracy and can 
try to improve the results by variation of the error model. 
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Figure 1* Integrated IN S/LORAN- Navigation System* 
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ABSTRACT 

As the exploration for oil has moved to Increasing!; deeper malar. Dm 
requirement for a highly accurate navigation system not limited by tha depth con- 
straints of toe dopplor sonar has become more obvfoas. This paper describee toe 
Magaavox Modal 200 Integrated Navigation System, which has been expended to 
Include Loran-C as a velocity sensor In order to meet this requirement. 

First, a complete description of toe p rincipal eq efom au t which co mp ri aee 
the syatem is provided. Particular emphasis Is placed iq»n toe eqnipment used to 
provide the Loran-C capability. 

Next, a description Is given of the Loran-C signal process lug techniques 
employed by Magnavox. These te c b alquea are soewrn to have wide applicability, not 
only to Loraa-C, but also to other radio navigation aids such as LXJRAC, Rsydist. 
SHORAN, and Dacca. 

The combined resalt is a system which is very flexible and uniquely suited 
to provide a highly accurate navigation syatem. even to deep waters. 


INTRODUCTION 

Satellite navigation to conjtmctlon with automatic dead reefeonteg, astag 
dopplor sonar and gyrocongMss inputs, has become toe standard navigation system 
to oae by the geophysical exploration Industry. The pr inc ipal reasons for this wide 
acceptance are toe excellent accuracy, 24-hour operation, and world-wide avail- 
ability. Tha Magnavox Model 200 (Figure 1) Is an example of such a system. Posi- 
tion accuracy of lass than 0.5% of distance traveled between satellite fixes can be 
maintained with this system (Reference 2). 

However, the increasing interest to seismic alteration at water depths 
exceeding toe bottom tracking capabilities of toe doppier sonar has stimulated a 
demand for alternate navigation systems. To meet this demand, M ag n a v o x baa 
chosen to I nc o rp o rate a Loran-C radio navigation capability Into toe Model 200 
system. Principal reasons for tote choice are Its availability, particularly In 
areas of geophysical Interest, Its accuracy potential, and Its relatively simple 
shipboard equipment. 

Tbit expanded Model 200 system has demonstrated toe capability of oper- 
ating in deep era ter with an accuracy on a par with that of a doppier sonar system 
to shallow water. The equipment selected and toe processing techniques employed 
by Magnavox are described in the following peges. 
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Figure I. Model 200 System 


SYSTEM ELEMENTS 

The following elements comprise the basic Magna vox Mode! 200 Integrated 
Navigation S> stem with Loran-C. 

• Magna vox MX 702A two-channel Satellite Receiver 

• Hewlett Packard 2100A Minicomputer with 16K memory 

• Tcledyne TDL601C Loran-C Receiver 

• Hewlett Packard 50B5A Rubidium Frequency Standard 

• Magnavox Model 200 interface Cnit 

• Magnavox MX B00 Doppler Sonar 

• Sperry MK 227 Gyrocompass or S. G. Hrow-n MK in Gyrocompass 


Figure 2 shows the major system elements in block niagram form. The 
computer accepts raw sensor data from both the doppler sonar and the gyrocompass 
through the Model 200 Interface Toll. Simultaneously data is passed directly from 
the MX 702 A Satellite Receiver and the Teledvne B01G t/oran-C Receiver to the com- 
puter. The computer then outputs the navigation results to the various displays. 

The succeeding paragraphs will describe the first four of these elements with the 
heaviest emphasis on the Till. BOtG Receiver. Reference .7 gives a further descrip- 
tion of the remaining elements. 


MX 702A Satellite Receiver 

The MX 702A is a dual-channel (400 ami ISO mH?> satellite receiver. When 
ship’s velocity and antenna height are known precisely, the system is capable of 
achieving an rms accuracy of SS meters. 

The receiver has automatic signal acquisition, built-in self test, and auto- 
matic break lock oa noise. 
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Figure 2. Integrated Lor;in-C Navigation System 


HP 2100A Computer 

Normally supplied with the system is a Hewlett-Packard 21 00 A Computer. 
This computer has the capability- for 32, 000 words of memory with space for sixteen 
input/ output functions. The system with Loran-C is normally equipped with 16,000 
words and at a minimum will use five input/ output card slots. The computer is 
equipped with a front panel which allows for manual switch register control, com- 
puter status display and program loading control. Normally, computer access is 
required only when loading and starting the main navigation program. A significant 
feature of the navigation program is a diagnostic routine which allows real time dis- 
play on the CRT of input/' output data flow and computer memory data while the normal 
navigation program continues to function. 


TDL 601G Loran-C Receiver 

The TDL 601G Receiver developed by Teledyne is normally supplied with the 
system. This receiver is a slightly modified version of the one Teiedyne developed 
for the fcpv-coet navigation market. Modifications were made to allow for the follow- 
ing functions: 

External Clock — The external clock capability permits a S mHz 
rubidium or cesium standard required for RHORHO operation to 
be used in place of the internal crystal oscillator. 

Disable Master Signal — When Loran-C is used in the RHO-RHO 
mode the master is not required for operation. However, the 
TDL 601G logic requires a master signal before it will track any 
of the slaves. The 'Disable Master’ function was provided to over- 
ride this requirement. 

Disable Slave B — Disable Slave B provides the same function as 
disable master except for the Slave B signal. 

ATM — ATM is a pulse stream representing plus and minus 0 . l p.sec 
changes in Master signal phase, as obtained from the tracking filter. 

TDA, TDB — TDA and TDB are the accumulated time delay in Slave A 
and Slave B signals measured with respect to Master signal receipt. 
Resolution is to 0. 1 ^seconds. 
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Magnavox modifies the receiver further by adding an additional card to the 
receiver and a new, larger front panel. The added card buffers all signals between 
the receiver and computer to insure that computer noise does not cause a signal 
interference in the receiver. The card also contains logic and timing for an oscillo- 
scope display. This allows the operator to monitor the loran signal, check the sky- 
wave content and check the tracking point of the receiver. The operator can change 
the tracking point of the receiver by the 'HOLD' and 'STEP 1 controls that are part of 
the basic receiver. In addition, the front panel contains control and status indicators 
which are provided to the computer. The operator, by monitoring each Lor an -C 
signal on the scope, can decide that Master, Slave A, and Slave B are suitable for 
navigation purposes. He then signifies this to the computer by 'USE M', 'USE A' 
and 'USE B' switches respectively. The computer then monitors the requested signals 
sad assuming signal noise is at an acceptable level, the computer will turn on the 
associated 'USE M', 'USE A' and 'USE B' status lights. 


Computer Interface 

In conjunction with the TDL 601G, a computer interface card was developed 
by Magnavox. This card accepts the data which is comprised of the receiver and 
control panel status bits, the accumulated Slave A and Slave B time delay and the 
positive or negative 0. 1 sec steps by which the Master signal has changed. The 
timing signals for the data interface are also contained on this card. The timing is 
adjustable from a basic period of each GRI (Group Repetition interval) to a oae sec- 
ond or s ten second tntervaL Status lines to the display panel are also contained 
on the card. 


Frequency Standard 

Since the system contains the MX 702 A Receiver which gives accurate posi- 
tion fixes, it Is possible to remove clock drift errors at each position fix. This 
allows the use of the lower cost Hewlett- Packard 5065 Rubidium Frequency Standard 
in place of the cesium standard normally used for RHO-RHO operation. This rubi- 
dium standard has the following specifications: 

Stability — Long term 1 1 X 10"* 1 per month 
-7 2 

Short term 5 X 10 per sec 

1.6 X I0"* 2 per ten sec. 

5 X 10‘ 13 per 100 sec. 

Calibration Accuracy — ilXlO” 1 * (factory set) 

A dockside calibration procedure is provided for removing large frequency 
errors by adjustment of the frequency standard. The standard is normalU supplied 
with batten back-up to maintain operating stability during power interruptions. 

This concludes a brief description of the major hardware elements which 
comprise the Integrated Loran-C Navigation System. 


FUNCTIONAL DIAGRAM AND SPECIAL FEATURES 

Since the Loran-C operating prlnciylep are familiar to most marine personnel 
and since they have been widely published, no general description of Loran-C oper- 
ation will be given. The functional diagram (Figure 3) shows the general character- 
istics of the Magnavox Loran-C implementation. Using Figure 3 for reference some 
of the features which make the Magnavox system unique are given below. 


Differential Mode 

Conventional techniques of operating radio navigation aids in a differential 
mode have been to locate a second receiver at a near-by known location and then 
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Figure 3. Functional Block Diagram 


to transmit the measured errors to the operational system. Implementations of this 
technique have varied from continuous transmission of the measured errors to 'snap- 
shot' corrections separated by hours in time. 

In the Magnavox system, the 'snapshot' error measurements are obtained 
by differencing system position with a satellite position fix obtained from the Navy 
Navigation Satellite System. The Loran-C range measurements are then adjusted 
to force agreement between the two systems, effectively removing signal propaga- 
tion effects. 

This technique has been successfully applied both with separate Loran-C and 
satellite systems and with a completely integrated hardware and software package. In 
the integrated systems, tbe forced agreement is normally done using a minimum vari- 
ance technique which is less sensitive to errors in the satellite position fix. 

Other advantages of thlB implementation are that, due to the frequent 'snap- 
shot' resets of system error, the Loran-C is less sensitive to errors in transmitter 
location and to offsets in tbe local reference oscillator. 

The decreased sensitivity to transmitter location means that one generally 
need not worry about the datum in which station coordinates are expressed. Further, 
less effort is required to establish the positions of the new portable Loran-C trans- 
mitters now being offered by equipment manufacturers. 

The decreased sensitivity to oscillator offset means that the lower cost rubi- 
dium standard may be substituted for the cesium standard normally used for RHO-RHO 
operation. 


Differential Range Processing 

The Magnavox system might also be referred to as a differential system for 
a second rather unconventional reason. The Loran-C range measurements are dif- 
ferenced with the theoretical range values based on ship and transmitter locations. 
The prime benefit obtained from this technique is that a simple linear equation can be 
used to convert the resultant range errors into errors in ship latitude and longitude 
or, as in our Implementation, error North and error East. This avoids the iterative 
task required in the conventions! Implementation to convert the Loran-C ranges into 
latitude and longitude coordinates (Reference 1 ), 
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Another benefit obtained is that any number of stations can be accounted for 
by simply expanding the linear conversion to a linear least squares solution for error 
North and East. By measuring the variance of the range errors dynamically and using 
these values as weights In the least squares process, the effectiveness of the tech- 
nique is further enhanced. In addition, by a simple modification of the least squares 
matrix elements, the solution can provide useful line of position corrections ever, 
when signals from only one station are usable. 


Differential Velocity Solution 

There is a third reason why the Magna vox system might be referred to as a 
differential system. The Loran-C system has the capability for accepting velocity 
inputs from other velocity sensors, (e.g.. Speed Log, Doppler Sonar, and Gyrocom- 
pass). The Loran-C measurements are then used to solve for the difference between 
the actual and the measured (by other sensors) ship’s velocity. 

The prime advantage obtained by this implementation is that now each veloc- 
ity sensor can perform the task which it does best, Tn a typical installation, a gyro- 
compass and doppler sonar are used to provide the first estimate of ship's velocity. 
If, as is increasingly the case in seismic exploration tasks, the depth of the water 
exceeds the sonar tracking capabilities, then the sonar velocity will be corrupted by 
the water velocity. 

In this situation the advantage becomes obvious. The Loran-C system can 
provide a measure of ship's velocity’ which has a substantial 'high frequency' noise 
content but with very little 'low frequency’ noise, while the doppler sonar/ gyrocom- 
pass combination has minimal ’high frequency’ noise and substantial 'low frequency’ 
noise. 


Let us illustrate. If one takes two samples of Loran-C position separated in 
time by one second and differentiates to obtain ship's velocity, the resultant estimate 
is very poor due to the Loran-C measurement noise. On the other hand, a one second 
reading from the sonar will represent the ship’s velocity quite accurately. If, how- 
ever, one takes two Loran-C positions separated in time by 15 minutes and differen- 
tiates, then the resultant velocity estimate will easily exceed in accuracy the meas- 
urement obtained from the sonar which is subject to 'random walk* and water velocity 
errors. Thus, by using the Loran-C to solve only for the differential velocity instead 
of total ship’s velocity, it is possible to increase the level of filtering (smoothing) 
without adversely affecting the representation of ship's position during rapid (’high 
spatial frequency') maneuvers. 


Filter Implementation 

The filter implemented In the Magnavox system to smooth the Loran-C 
error North and error Fast outputs is best described as an 'exponential time 
decaying weighted least squares' filter. The rate at which old data is eliminated 
is controlled by a single time constant, *1/K' which can be adjusted by the 
operator. 

The operation of this filter is best described by referring to Figure 4. 

The technique used Is to solve for the least squares fit of a straight line, 
y - mt + b, through the measured error, where \v' is the least squares estimate 
of actual error, * t* Is time ’m’ is the slope or desired change in velocity and ’b* is 
the *y* axis intercept or desired change in position. 

Each time the weighted least squares computation is performed a new esti- 
mate of ’m’ and ’b' is obtained. However, when the velocity and position are adjusted 
at time t = i - I by 'm^ and 'b^' then the next error measured, t ^ will be with 
respect to this newly established velocity and position. 
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Figure 4. Filter Implementation 


It can be shown that, as a result, the adjustments 'm.' and 'ly are a function 
only of '€j’ and the exponential time constant ’k' used in deweighting past measurements. 

Specifically: 

m t - K 2 c. (1) 

and 

b. r- 2K«. - K 2 €. <2> 

ill 

In the Magnavox implementation the above equations are modified slightly by 
two effects. First, the Loran-C measurements are averaged for !0 seconds to de- 
crease the computational requirements. Thus, the measurement is 5 seconds old 
(one half the averaging period) before it is applied. This causes the position update 
to be larger by one half the velocity update. Fquaiion> /l) and (2) become: 

m { *■ K 2 t € . (3) 

and 

bj = - K 2 t€j/2 (4) 

where ▼ is the averaging Interval. 

Second, in our implementation the position update is rated in over the next 
averaging interval. Since it is delayed bv one half the averaging interval it causes 
the next cj to be larger than it would be otherwise. 

Thus, a new « J Is defined such that: 



This new value of Is used in place of in equations (3) and (4). 

This filter is very simple to implement, very easy to adjust to differing 
external conditions, and very effective in practice. 
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As an example of the Inherent power of this filtering technique Magnavox has 
provided several Raydlst navigation systems with no algorithm modifications. The 
dec ly time constant ' l/K’ was simply decreased to provide more rapid response and 
to reflect the higher accuracy of the Raydlst system. 


RHO-RHO or Hyperbolic Operation 

One other significant feature of the Magnavox implementation is the simplicity 
by which the algorithm can be switched from the RHO-RHO operation to hyperbolic 
operation. 

Combined with the features already discussed above this makes the technique 
a virtually universal radio navigation package. Indeed. Magnavox has already deliv- 
ered systems using this Implementation in Loran-C, Raydlst and SHORAN versions 
and is currently working on a system which will employ the Decca Radio Navigation 
System in like manner. 

The conversion of the algorithms to work in the hyperbolic mode is startingly 
simple. In the functional block diagram of Figure 3 a new block is added in front of 
the 'Weighted Least Squares Resolution into North and South'. 

This new block forms the value: 


'mi * 'At * 'Bl> /3 


(6) 


where 


e t is the average range error 


t . is the master station range error 
mi 

is the A station range error 
< is the B station range error 

This value is then used to modify the Individual range errors to obtain: 


*mi 

'Mi ‘ 'l 

a: 

€ AI e 

f Al ‘ * 1 

(8) 

*BI * 

*Bi ‘ *1 

(9) 


These new values are then fed to the least squares solution for error North 
and East as before. Only one other adjustment is made and this purely to avoid regis- 
ter overflow. Specifically the range correction factors are each increased by 7 [ so 
that the average error will not grow without limit. 

It is not difficult to show that the ranging solution has now been converted to 
a hyperbolic solution. This negates the requirement for a rubidium standard but, of 
course, reduces the accuracy obtained at long ranges from the stations due to geo- 
metric dilution effects. 


SUMMARY 

The Magnavox Loran-C system represents what we believe is a practical 
implementation with application to a wide variety of radio navigation systems. Its 
flexibility permits its use with very accurate short range systems as well as with 
lower accuracy long range systems. 

The Loran-C configuration has demonstrated accuracies in deep water that 
compete with the doppler sonar implementations while in the bottom track mode. 
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ABSTRACT: 

The coherent development of a line of satellite navigation receiver 
equipr-'t-i is illuminated. A discussion of heretofore unutilized capabili- 
ties n possible by the AN/WRN-5 Navigator offering some insights into 
how the system can improve the accuracy and reliability of navigation and 
guidance. 

Test results are presented, illustrating the significance of the some- 
what unconventional design approaches found throughout the unit. These 
data identify the accuracies presently achievable with the WRN-S navigator. 

The value of coherent development work in complex navigation systems 
is illustrated by the application of the AN/WRN-5 technology to the NAVSTAR 
Global Positioning System is presented in closing. 


Ever since man began to travel out of range of familiar landmarks, he has 
felt the need for some form of navigation system. The evolution of a methodology 
based on an accumulation of knowledge on the subject from a diversity of sources 
probably did not begin before the appearance of the astrolabe, during the middle 
ages. 

The astrolabe is undoubtedly the predecessor of the mariner's sextant, and 
was in extensive use Into the 17th Century. Derivatives of this Instrument were 
used in general land surveying, determining differences In elevation of land masses, 
and related activities. Most important, however, was the astrolabe's value as an 
auxilary computing device. It enabled the astronomer to work out the position of 
the sun and principal stars with respect to the meridian as well as the horizon, to 
find his geographical latitude and the direction of true north (even by day, when the 
stars were not visible). Above all, in the days before reliable clocks were common- 
ly available, the astrolabe provided its owner a means of telling time by day or by 
night as long as the sun or some recognizable star marked on the instrument was 
visible. 


Although historians are amazed at the accumulation of technology in ancient 
systems such as the astrolabe, in the minds of modem purveyors of advanced 
tudeal systems, it is merely a reiteration of a basic fact: The success of a 

depends upon the systematic application of proven technological occompilsh- 
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meats. 

About twenty years ago the U. S. Navy Identified the need for a precise navi- 
gation system for use by ships at sea. A wide variety of systems were developed 
In an attempt to answer this requirement. A major step in the achievement of 
high precialon, all weather, v orldwlde navigation was taken when the Navy Naviga- 
tion Satellite System (TRANSH ' became a reality in the mid-li!60‘s. 

Since its inception, a number of equipments have been u veloped to provide 
the user with positional Information obtainable from the NNSS. The latest of 
these equipments, the AN/WRN-5, was built by the Magnavox Company for the 
U. S. Navy. It provides the mariner with a number of new and useful capabilities. 

These features did not Just happen, but rather were evolved from the work of 
many years. There is an amazing correlation between the evolution of the astro- 
labe through ancient times, and the development of satellite navigation equipment 
at Magnavox. The AN/WRN-5 reflects the development o. Magnavox satellite 
navigation experience and technology extending back to 1961. 

Magnavox, in conjunction with the Applied Pbysica Laboratory, initially 
developed the 


AN/SRN-9 (XN-5) 

for the U. S. Navy for use on surface ships. Using the same technology the 
Geoceiver - AN/PRR-14 

was developed. This device, a receiver only, was designed for geodetic survey 
applications. It is currently being used around the world for precise survey work 
and is capable of providing measurements to an accuracy of better than one meter. 

A photograph of the Geoceiver is shown in figure 1. 

Next on the list of equipment to be developed was the 

MX/702-CA 

This unit, basically a two channel satellite receiver, was the first commercially 
available NNSS receiver. When used in conjunction with a digital computer, it 
was capable of providing real time position fixing from the NNSS. 

Figure 2 is a photograph of the MX/702-CA along with its computer, photo- 
reader and teleprinter in a rack. Note in particular the construction techniques 
which were used for the RF components (shown more clearly in figure 3). Individ- 
ual RF modules, enclosed in metal cans were used to obtain the sensitivity re- 
quired. 

The next stage in the evolutionary development of NNSS equipment was the 
AN/WRN-4 - MX/706 

Shown in figure 4 (on the right) the AN/WRN-4 used the same receiver tech- 
nology. This unit was developed for the Office of Naval Research and was designed 
specifically as a tool to aid the marine scientist. In order to make the unit small, 
the computer was built right into the same enclosure along with a display device 
and data entry equipment. Primary disadvantages of this equipment were 
computer limitations, forced by the size of the equipment, and the cost. 

tn an effort to reduce the cost of satellite receivers, alternate construction 
techniques were investigated. The availability of new components such as MSI 
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integrated circuitry* and the experience gained from the development of the previous 
equipments permitted a significant change in construction without sacrificing per* 
formance. 

The 


MX/702 A Receiver 

shown in figure 5 is the latest commercial receiver which we have developed. Its 
construction represents a radical departure from the previous technology . In this 
view the five lower-most boards represent the analog receivers (two channels)* 
while the digital circuitry is contained on the eight boards to the right of the unit. 

All hoards are 5 by 9 inch printed circuit boards. RF shielding is obtained from 
five plates which form part of the card cage assembly. 

All of the devices described up to now are fundamentally satellite receiver 
units. Position Axes are obtained by interfacing the receiver outputs to a general 
purpose digital computer programmed to provide a position fix each time one of 
the operational NNSS satellites is tracked. 

The device shown in figure 6 is the 

AN/WRN-5 

It has been designed using the receiver technology developed over the years but 
with a significantly different system philosophy Fundamentally, the AN/WRN-5 
Is a computer-based dead reckoning system in whicn ship's speed and heading 
information, in the form of either synchro or digital signals, are processed by the 
computer to obtain positional inf' rmation. 

This positioning daK is provided to the operator by a built-in (and also by a 
remote) CRT display unit. The set is thus a continuous positioning device, with 
display updates occurring once per second. 

In addition, the set contains a two channel satellite recet/er (with significant 
differences from previous receivers) and a magnetic tape cassette (used for both 
program storage and loading of the computer as well as a data logging device 
using the record mode). 

Let's look at *ome of the features of the AN/WRN-5 (developed for NAVELEX 
under Contract N00039-72-C-0125) that make it uniquely suited for n irine position- 
ing and survey application. 

During the design of the AN/WRN-5, it was recognized that the computer 
portion of such a system forms a part of the "on-line” system and therefore con- 
tributes significantly to the overall system reliability. Once the computer's 
reliability has been established, the overall system reliability is enhanced by re- 
moving as many other hardware elements as possible from the rest of the system. 

In the AN/WRN-5, this concept was used to remove as many ’normal" re- 
ceiver functions as possible and perform these funtions in the computer. This 
has resulted in a substantial reduction in hardware complexity, increased the 
reliability and made the system less expensive than would otherwise be the case. 

The following functions, normally considered as receiver functions, are 
performed by the computer in the AN/WRN-5 

Tuning of the two receiver channels 
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rata aided taiif o f the receiver s will nxattiUr 
provide the trarttug perforn i rar e of a third order 
tracking loop with the etabilltjr and simplicity of 
aecoad order loop hardware. 

the phase locked time recovery loop is dosed 
thro u gh the compdter to provide performance 
considerably better thaa that which has bees 
heretofore achieved. 


all dod>M, bit and message syachroaUatkm 
tactions are perforated ia software with all 
data bits transferred to tbe comparer as two 
S level samples (the analog data Is digitized 
through an 8 bit A-D co nvey tor i. 

la addition, the computer conti anally senses and monitors all key power 
sippiy voltages ia the set and provides to the operator fender manual request) 
a digital display of the value of each voltage ia the set. 

Furthermore, additional BITE capability, ia the form of a satellite signal 
simulator is built in to the set. This simulator is coo trolled by the computer 
in terms of both its modulation and signal level. It provides the system with the 
ability to measure a number of significant pe rf or man ce parameters such as 
sensitivity, doppter count stability, bit error rate, aad taing control. 

A number of other features of importance are Incorpor a ted into IU set in its 
basic configuration. For example, the set is the first to employ n zero offset 
doppler counting technique. This technique, coigried with the significant reduction 
in time recovery jitter, r e d u ce s tbe mo-t significant source of receiver measure- 
ment noise by a factor of five to ten over its value in more co n ventional receivers. 
Figure 8 indicates the improvement in doppler count accuracy by tbe zero offset 
doppler technique. 

The computer farms tbe heart of the AN/WRN-5 and a few words should be 
said about its characteristics. First, it is a mini-computer whose instruction 
set has been tailored for navigation-like fractions. These instructions include 
the normal add. stTitract. etc. , of conventional machines and, in addition, include 
double word odd sod subtract ns well as hardware multiply and divide Instructions 
which greatly assist in implementing the floating point computations used in the 
navigutkm process. 

The basic computer is very fast, employing an 850 nmo- second memory 
cycle time. A I6K core memory is provided in the basic system with plag-tn 
expansion within the set to 2fK and external expansion to 32K permitted. 

The computer Is a 10 bit word ma.Mne with two accumulators (used for 
doable word operations) and three hardwi>-e index registers. 

White all of these words are line, the proof of the pudding ia in the results - 
as of this writing, over *hirty AN/WRN-5 units have been delivered to the Navy 
and are deployed throughom the world. 

The data in Table 1 provides a good Idea of the level of accuracy which can 
be obtained from the set. The data used In preparing the table was taken from 
the acceptance test data of 27 of the AN/WRN-5's which have been delivered. 

The calculated position represents the merji position obtained from a total of 501 
satellite passes - all tracked automatically by the 27 rafts (approximately 18 
passes from each unit). 
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The position uncertainty represents the statistical 1 sigma deviation in the 
mean positions obtained from receiver to receiver. It thus reflects the survey 
repeatability of a group of AN/WRN-S’s. i,e. , their measurement error is less 
than five meters. 

The mean uncertainty is a measure of the pass-to-pass variability obtained 
from individual position fixes. The predominant portion of the errors is caused 
by noise in the transmitted satellite orbit as indicated by the 1 8 meter uncertainty. 

Clearly, the AN/WRN-5 is a swvey quality instrument. The flexibility af- 
forded by the general purpose computer interface techniques have only been 
partially exploited in the baseline software developed thus far. 

Further evolution of fids technique is currently being sipported at Magna vox. 

In particular, we are very actively involved in file determination of the basic 
operational parameters of KAYSTAR. the Global Positioning System. 

Being extremely interested in the promulgation of satellite receiver technology, 
we have begun to capitalize iqion those characteristics which have made the 
AN/WRN-5 system so much like the astrolabe; flexibility, power and technical 
durability. The AN/WRN-5 hardware provides a baseline technology from which 
advanced navigation techniques are evolving, such as GPS. 

To be more specific, we have determined that the AN/WRN-5 can be readily 
converted to receive the GPS waveform by modifying .pproximately 30*> of the 
system; namely, replacement of the RF preamplifier, the data decoder and 
appropriate software modification. The RF preamplifier designed for GPS use 
is somewhat smaller than the AN/WRN-5 wit, the GPS data decoder system requires 
a replacement of only eight AN/WRN-5 boards with a like number of GPS boards. 

The MAXAL computer system used in the AN/WRN-5 has more than adequate 
capacity. 

The reader must wderstand that any impact to be made upon the navigation 
community by an operational GPS system is at least ten years away. While 
Magna vox will invest considerable energies in the development of the best possible 
GPS user equipments, it is important to realize that we arc fully committed to the 
continuing development of NNSS technology. 

Indeed, the AN/WRN-5 is the modem astrolabe. 
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TABLE I 

STATISTICAL RESULTS 


Humber at Units ia Sample 27 


Reference Positkw 33° 50'. 465 North Latitude 

(Surveyed) 

IIS 20'. 265 Weal Latitude 

Calculated Position 33° 5C‘. 46535 North Latitude 

(Via Satellite 

lastromfot). 119° 20 .26356 West longitude 

Position Uncertainty (1 sigma deviations) Recetver-to-Receiver 
Latitude * 4. 72 meters 

Longitude 3. 09 meters 

Mean Uncertainty from pass -to -pass for each receiver (1 sigma 
deviations) 

Latitude 14.03 meters 

Longitude 10.82 meters 

Radial 1 7 . 96 meters 
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application to drifting buoys traccinq 
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CENTRE NATIONAL D‘ ETUDES SPATIALBS - PRANCE 
Y. lATIBUMA 

THE RADIO RESEARCH LABORATORIES - JAPAN 


The BOLE data collection and posltionnlng system is operationnal since early 
September 1971. It is essentially a satellite which tracks and collects data 
from meteorological balloons and ground transponders. During each pass, the 
satellite Interrogates the transponders and stores range and range-rate obser- 
vations whi ch a re later transmitted to ground telemetry stations and proces- 
sed at the ONES computing center in Bretigny, near Paris. 

Although originally designed for balloon tracking, the BOLE syctos has proved 
to be an ideal tool for other applications such as drifting objects position- 
ing (icebergs, buoys). The routine operation can provide positions with 
accuracies of about two to three kilometers within 2d to 48 hours. However, 
a special data processing system was used in 1973 - 1974 for some investiga- 
tors, therefore improving the posit ionning accuracy to better than one 
kilometer. This experiment is described and results are given for both fixed 
and drifting transponders. 
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DESCRIPtlOS OP TH8 BQU WISH 

The SOU system was designed originally as a data collection and position- 
al ng eystea for the tracking of a large nuaber of meteorological balloons 
flying at constant level (200 millibars) in the southern heal sphere. The 
objective was a better understanding of the general ataosphere circulation 
and therefore did not require very accurate positionning capability 
(Morel, 1972). 

The systea is scheaatised in figure 1 i 

1 - The interrogation program is established on the ground and fed into a 

special aeaory in the satellite. 

2 - According to this program, the satellite Interrogates each transponder 

in sequence on 400 HHz (cod id 30 bits message). 

3 - When a transponders recognises its code number, it answers back on 

400 MHz and transmits information from four sensors. 

In this process, two-way range and range-rate are measured by the satel- 
lite and stored in its 131 Kbits core memory together with the data 
received froa the transponder. 

The same process repeats on other transponders with a time cycle of 
625 msec. Three to thirty interrogations are thus made during one pass 
in the visibility of a transponder, according to the interrogation pro- 
gram. 



1 - The Interrogation program is prepared and transmitted 

to a telecommand station 

2 - The program is fed in satellite memory 

3 - Transponders interrogations 

4 - Transponders answers 

5 - Data collected froa transponders are transmitted down 

to a telemetry station 

6 - Data are transmitted to Bretlgny and processed 
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4 - On command from « ground telemetry *t«tion from the CUES network, the 


memory 1« transmitted down and recorded, 

5 - The information is then transmitted to the CUES Bretigny data processing 
center where it is processed on a Control Data Corporation 6600 computer 
on a 24 tow* a day basis (Dargent, 1972). 

Sesvlts are generally available within S4 to 36 hours after the actual 
satellite transponder link, although this delay has beers reduced to aj> 
average of seven hows for some special experiments. 

The SOUS (or Cooperative Application Satellite, CAS-A in the NASA nomencla- 
ture) is a 60 kg gravity gradient stabilized spacecraft with its 400 MHt 
cone-shaped antenna pointing downwards (figure 2), It was launched on 
August 16 1971 by a scout launcher from the BASA wallops Island station in 
Virginia. Its orbit is 690 km perigee, 900 k* apogee, 50* inclination. 
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The experiments which have been conducted with the Eole systc*. are of three 
types « 

• Isobaric balloons tracking (main experiment) 

• Data collection 

• Positionning of ships and drifting objects* 


The main experiment v.. A s conducted from Septembre 1971 to mid-1972* It 
ved the tracking of 479 balloons launched between August and November 1971 
from three special launching stations set up by ONES in Argentina in a 
cooperative program with the "Comision Nacional de Investigaciones Espacialedl 
These stations were located in Mendoza (33° latitude south), Neuquen (39°), 
Lago-Fagnano (53°) • thus allowing an even latitude distribution of balloons 
in the southern hemisphere, the longitude distribution being obtained by the 
launch schedule* The average life time of successfully launched balloons was 
about T50 days* 


It was obvious from the beginning, however that other applications of the 
Eole system could be experimented, such as message transmission from remotely 
located sites and positionning of ships or other objects for which an accu- 
racy of 2 to 3 kilometers would be sufficient* 

Thus started a completely r.ew program, called "Eole Complement air e" which 
involved a large variety of experiments, oriented either towards data 
collection only, or positionning only, or both* 

Table 1 gives a break-down of these various experiments according to 
organisations and main objectives* The experiments were primarily feasability 
demonstrations, however, since the number of available transponders was very 
limited* Besides, some problems were enco rntered with the reliability of the 
electronics since it had been designed for the very different environmental 
conditions of the 11 kilometers altitude Walloons, including special speci- 
fications due to aircraft safety requirements* 


Among these experiments, some were particulary spectacular, such as the 
tracking of sailboats, including PEN EAJICK IV, the winner of the 1972 single 
handled transatlantic race, the first long term tracking of an iceberg along 
the coast of Antarctic, from February 1972 to March 1973, and even the tra- 
cking of a NASA car along the Washington D*C* Beltway ! 

A detailed report of the implementation and main results of these experiments 
is available from CNES (CNES, 1973)* It demonstrates the wide range of 
applications of satellite systems such as E01£ and how .he scientific conunu- 
“ity gradually gained interest in this new technique* 


ACCURACY ANALYSIS OF THE POSITIONS HQ SYSTEM 

The accuracy of the positionning system has been analysed in detail in 
{Brachet, 1972)* 

The transponder position is computed by a least square adjustment using all 
range and range-rate data collected during onepass* For fast moving objects 
such as the balloons of the maif experiment, however, the accuracy is limited 
by our knowledge of the wind velocity and direction since the duration of the 
pass does not allow for a significant recovery of these parameters* In this 
case an iterative procedure has to be used ; a me.'Ji wind vector is computed 
from positions computed on several successive nesses and the process is 
reiterated* 

p ixed and slowly moving transponders do not present this difficulty : 

Figure 3 gives the plot of positions computed during the routine operations 
for one transponder which was located in the CNES tracking and telemetry 
station in Pretoria (South Africa)* It gives a dood idea of the spread and 
accuracy of the positionning system (l*3 km rms)* The accuracy of a given 
position, however, is very much a function of the pass geometry, i«*» it 
degrades significantly for zenithal passes (ground track distance less than 
two degrees) * This is shown on figure 4, where relative dispersions of posi- 
tions of a set of transponders located in Victoria, B*C* (Canada) is plotted 
against the ground track distance* 
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Laboratoire de M^t^orologie Dynamique (CNBS) 


Centre National pour 1* exploit at ion des Oceans (CNEXO) 
Terres Australes et Antarctiques Frangaises (TAAP) 


Expeditions Polaires Frangaises (EPF) 

Pen Duick IV (Transatlantic race 1972) 

Ins ti tut de physique du glob (IPG) 

Compagnie Q6n£rale de G^ophysique (CGG) 

Institut scientifique et technique des pSches mari times (ISPW) 
Compagnie Gintrale Transatlantique (CCT) 

Cosq>agnie maritime des chargeurs r£unis (CMCB) 

Group® de recherches de g£od£sie spatiale (GRGS) 

Office de la recherche scientifique et technique d’Qutre-Mer (OHSTOK) 
Rational Ocean and Atmosphere administration (NOAA) 

Virginia Institute of Karine Sciences (Vlffi) 

Laboratoire d'ttude des grandes masses (l£GH) 

Service mtt^orologique de 1 * aeronaut ique militaire (SMAM) 

Hinistry of Agriculture, Fisheries and Food (MAFF) 

Comision Nacional de Invest! gaci ones Espaciales (CNIE) 

Instituto Nacional de Pesquisas Espaciais (INPS) 

Indian Space Research Organisation (ISRO) 

Coomtonvealth Scientific and Industrial Research Organisation (CSIRO) 
Cornu unveal th Scientific and Industrial Research (CSIR) 

Scientific Comsittee for Antarctic Research (SCAR) 


COUNTRY 


EXPERIMENTS 




FRANCE 

1) Balloons tracking (200mb) and data collection 

2) Drifting buovs tracking and data collection 

FRANCE 

Drifting buoys tracking and data collection 

FRANCE 

1) Drifting buoys tracking and data collection 

2) Ship positionning 

FRANCE 

Iceberg positionning 

FRANCE 

Sailboat positionning 

FRANCE 

Ship positionning 

FRANCE 

Data collectior- from ships 

FRANCE 

Ship positionning and data collection 

FRANCE 

Meteorological data collection from ships 

FRANCE 

Data collection from ships 

FRANCE 

Analysis of ultimate positioning accuracy 

FRANCE 

Meteorological and hydrological data collection 

USA 

Drifting buovs tracking and data collection 

USA 

Drifting buoys tracking and data collection 

ITAUf 

Meteorological and hydrological data collection 

ITALY 

Meteorological data collection 

V. K* 

Drifting buoys tracking 

ARGF/TINA 

Meteorological data collection 

bra .il 

Meteorological data collection 

INDIA 

Meteorological data collection 

AUSTRALIA 

Drifting buoys tracking 

South AFRICA 

Drifting buoys tracking 

International 

Icebergs tracking 
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FICURE 3 

POSITIOtB OF BO IB GROUND TRAJBPONDKS IN PRETORIA (SOUTH AFRICA) 


DISPERSION (KM) 



FIGURE 4 

DISPERSION OP TRANSPONDERS POSITIONS 
AS A FUNCTION OF 0 ROUND TRACK DISTANCE W 
(VICTORIA, B.C CANADA) 
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The nifl s ources a* errors are 


satellite posit ton error s 
transponder altitude err o r 
range oeamraMtu biases 
rente-rate measurements errors 
tining 


Among these, experience mad a series of spe c ial analyses (Bracfact. 1973) 
hone shown that the largest urar cootri tetions are found in the satellite 
position estimation and the range m easur e ment bi a s e s , the operational BOI£ 
data p ro cessin g system uses a simple analytical p er tu r b ation nodel for the 
orbit conputalion. providing satellite position recov e r y accurate to 1*7 
kilometer alo ng track and 1 ki lo m e ter cross track (3 sigma)* 

Besides, calibration of the tra nsp o nd er and satellite electronics is 
necessary for the range measurement* Since high accuracy vas not a require- 
ment for the maim objective of the mission, biases of op to 1 km have been 
found with r es pect to the standard calibration data* 

Special off-line data processing, howe ver , con minimize the effet of satel- 
lite position errors by using more sophisticated perturbation models, and 
observations of transponder* located in veil known geodetic positions com 
help in re c over i ng the range bias for each transponder* Such experiments 
have been co n duc ted in Prance in 1972 end in the 0*S* in 1973* The next 
section presents the results of this last experiment* 


YDS BOOTS TOCHHG 

The Virginia Institute of Marine Sciences (9116) started drifting buoys 
experiments using the BOt£ poritiacming system in September 1972* Tne main 
objective is the study of currents along the coast of Virginia, outside the 
mouth of the Cbeasapeake bay* The buoys are round discs carrying the radio 
and SOU antennas and under which is attached a cubic case containing the 
electronics* A 3 to 20 meters cable links it to a cross like sail* 

After a first and successful! experiment, ONES proposed to VD6 that a spe- 
cial processing be done for thei.- buoys in order to obtain improved position 
accuracy* For this purpose, a calibration experiment was organized in 
October 1973, bef"**e setting the buoys at sea : four transponders were put in 
operation in a cowman location along the coast and the exact coordinates were 
provided by VDS* 

These transponders were intensively interrogated by BOLE from 16 to 23 
Octot a* 1973* while SOLE itself was tracked by more ground stations, inclu- 
ding some of the HASA mini track stations* 

The improvement in tracking data coverage, combined with the use of very 
sophisticated perturbation model for the orbit computation, allowed satel- 
lite position errors not exceeding 300 meters (l 50 « r*m*s), a value which 
is considered the lower -bound of orb*t estimation accuracy with routine in- 
terferometric data* The calibration of each transponder was computed by com- 
paring the theoretical and observed ranges for all passes and deriving a 
mean constant calibration for each transponder (Brachet, 1974)* 

The positioning accuracy i^rovement is very spectacular t 
Figure 5 compares tne positions of these four transponders derived fror 
t' e routine operations and the positions after the calibration and special 
data processing* The dispersion around the mean position is improved from 
2500 to 350 meters (r* jus) and the mean point, previously 2000 meters to 
the west of the reference position, moves to within 300 meters* 

These spectacular results could not, unfortunately, be applied to the buoy 
tracking experiment which was to follow immediately the calibration* The 
buoys were not set at sea before end of January 1974, so that there is no 
guarantee that the calibration values obtained in October 1973 are still 
valid* The same procedure, however, was followed t intensive tracking of 
B0(£, special orbit confutation, detailed analysis of each pass in order 
to make full use of all available data* 

Five buoys were set at sea -xn January 29 1974 by 38*8 latitude north and 
longitudes varying betve* 284*95 and 285*50 degrees* Two of them were 
tracked by E01£ until Ha. <-h 1974* After an excursion to the north, they 
vent south along the coast, to about 36*00 degrees latitude before being 
caught by the Gulf-Stream about the 8 or 9 February* From then on, they 
dirfted quickly to the Bast* On March 26 for example, buoys no 24 had 
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reached the longitude* 306* Bast, having traveled mo re than a th ou s a nd 
nautical miles* 

Figure 6 represents the drift of buoys no 24 and 33 along the coast during 
the first ten days of the experiment, the nost significant for the study of 
coastal currents* 


coBcmsioa 

The BOt£ positionaing system has denonstrated the great potential of satel- 
lite techniques for the tracking of drifting objects such as balloons, 
buoys, icebergs* Being operational for acre than two and a half years, it 
has also provided valuable scientific data to investigators all over the 
world* It has opened the way to new satellite systems, providing i^roved 
possibilities, which are being developped now : The U*S« TXS05-N program 
for the national Ocean and Atmosphere Administration (NCAA), and the french 
DIALOGUE and SOLS programs which are being presented at this symposium 
(PffiPOl, 1974)* 


BRACKET, G* s 1972, ’Results and evaluation of the EOZE operationnal loca- 
tion system* » Astronawtical Research 1972, 239-272, L*6* Napoli tano et al 
(eds). 
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BRACKET , G* and VINCENT, K* t 1974, *B0t£, buoys tracking experinent, cali- 
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CUES : 1973, *Le progranne EOlE, synthdse d ’ensemble, tone VI, volume 1 and 
2 ** 

DARGECT, A* : 1972, *Data processing for the B01£ project. International 
Telemetry Conference, Los Angeles* 

MOREL, P* i 1972, 'latest results in space meteorology : Experiments in 
satellite platform location and data relay techniques*, COSPAR XVth General 
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ABSTRACT 

Since 1967 the Centre National de Recherches Spatiales has been 
studying a high-accuracy location systea employing a near-earth 
satellite and designed to find the coordinates of isolated fixed 
or slightly mobile points. Efforts are being concentrated on 
achieving an extremely accurate performance with a relatively 
short delay in asking the results available - of the order of a 
few hours with an accuracy of one to two metres , and down to 
a few minutes, with an accuracy of the order of 10 to 70 metres. 

This system has been dubbed 6E0LE, a combination of EOLE (the 
name of an earlier CNES project) and the word Geodesy. 

It is still in the project stage, and the ways and means of 
setting up and using the system (as well as its main technical 
features) remain to be decided. 

The first operational satellites could be available by 1981, and 
the system will then be put into use. 

1. INTRODUCTION 

Towards the end of 1967 the study of the EOLE satellite systea 
undertaken at the Centre National d'Etudes Spatiales (Trance) 
reached a degree of definition sufficient to allow a start to be 
Blade on the development phase of this project. The EOLE program- 
me involved a satellite on a low circular orbit inclined at 60° 
to the equator, operated in conjunction with several hundred 
fixed or slow-moving terrestrial platforms (balloons, buoys, etc) 
The satellite! by interrogating the platforms via a radio link 
when passing m view, picked up the data needed to pinpoint their 
location by measurements of angle (Doppler effect) and satellite- 
to-platform distance. The transmissions from the platforms also 
included a variety of data generated by sensors, etc. (EOLE, 
launched in 1971, is still operational after 30 months). 

The degree of pinpointing accuracy looked for with EOLE was of 
the order of 1 km under good conditions, assuming an excellent 
knowledge of the satellite's orbit. While this was more than 
sufficient for meteorological and oceanographic purposes, the 
relative coarseness of measurement ruled out a number of possible 
applications of the system, since location missions call for 
measuring to within a few metres. 

Tor this reason a proposal keeping the same measuring principle 
as EOLE but aiming at measurements accurate to within one metre 
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began to be studied by ONES from November 1967 onwards, under the 
name of the "GEOLE Programme” . 

Although this satellite system, because of the level of perfor- 
mance it promised, very soon prompted thoughts of fascinating 
scientific experiments, the basic concept and the design studies 
have always been centred on the provision of an operational 
applications system serving users of different nationalities 
working in a wide variety of fields. Between 1968 and 1971, 
therefore, work was done in three main areas in order to gain a 
clearer picture of the difficulties involved in a project of 
this kind : 

(a) Identification of possible applications , by surveys of poten- 
tial users. Study of level of demand, competing systems, 

etc ; 

(b) Technical studies of the measurement system , its sources of 
error, methoSs ot correction, data processing methods, orbit- 
plottin , etc . 

(c) Production of models and mock-ups to check, in certain cri- 
tical areas, that practical results would match theoretical 
data. 

In November 1971 this work Culminated in a technical review that 
led to the following main conclusions : 

(i) The GEOLE programme could reasonably be regarded as feasible 
even with the most ambitious specifications, although it 
called for advanced engineering skills and a step-by-step 
approach to solving the problems ; 

(ii) The programme evoked definite interest among the potential 
users who had been consulted. 

These conclusions led ONES to decide to press ahead with its 
efforts in the three areas mentioned, and in addition to under- 
take a study on a preliminary project for a satellite designed 
to pave the way for GEOLE by proving the soudness of the measu- 
ring principle and finalising the main components to be employed 
in the future operational system. 

This preliminary project, code-named DIALOGUE, was completed in 
1973 and development and production began towards the end of 
that year. Concurrently , in order to ensure that the lessons 
learned from DIALOGUE yield maximum profit for the GEOLE pro- 
gramme ; the main choices of basic characteristics for the pro- 
ject will be made in mid-1974 or thereabouts, and a preliminary 
project study of GEOLE will then be begun. 

2. THE GEOLE PROGRAMME 


7.1. General 


All the work dona up to the beginning of 1974 has been directed 
towards the ^location pinpointing experiment" wich forms the 
heart of the whole system and is the most difficult to try out 
experimentally. All the other definition options for the space 
system are, to a very large extent, still open : they include, 
for example, the major subsystems and ancillary equipment of the 
satellite, the number of beacons and their optimisation and the 
method of running the operational system. 

2,7. Objectives 

The objective aimed at by the GEOLE project is to satisfy vir- 
tually all the needs expressed by users Thare 
are expected to be certain exceptions, in particular in cases 
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where overcoming a constraint would be excessively costly seen 
against the level of demand. 

If the demand is to be satisfied, there are severe, goals that 
need to be reached, such as : 

- Worldwide location, absolute or relative, of isolated fixed 
points within 10 to 30 metres in a single pass and within 1 
metre over a whole day, and of slightly-mobile points ; 

- Worldwide location, absolute or relative, of isolated points 
within 20 metres and very rapid availability of results (IS to 
20 minutes) through the use of an on-board computer. 

These two targets can be reached only by setting up a worldwide 
first-order network of triangulation points comprising 30 to **o 
apices, whose positions are known to within 2 metres ; this will 
provide the terrestrial reference system within which the satel- 
lite (and hence the isolated point) will be pinpointed. 

The process of setting up and operating the GE0LE system can be 
summarised as follows : 

Phase 1 : During the first few months of the satellite's life the 
first-order network is plotted, using measurements carried out by 
the satellite. This plotting is purely geometrical and does not 
involve celestial mechanics - i.e. it is a terrestrial potential 
model. 

Phase 2 : After Phase 1 is complete it becomes possible to use 
the system to loca-e isolated points. The beacons sited at the 
apices of the first-order network now have known positions, and 
can be used to plot the satellite's track permanently and conti- 
nuously. 

All that is necessary to find the coordinates of an isolated 
point is to position a beacon and then wait for - depending on 
the degree of accuracy required - one or more passes of the 
satellite. The measurements ..f range "id radial velocity between 
the satellite and the beacon place the latter at- the intersection 
of spheres and cones. 

3. MAIN CHARACTERISTICS Or THE GEOLE SYSTEM 


3.1. General 

The system is made up of automatic, self-contained beacons, to be 
located, and one or more satellites which interrogate the respon- 
der beacons, measure their range and radial velocity and store 
this information in order to retransmit it, over a conventional 
telemetry link, to a central EDP station. 

3.2. Requirements on the system 

The principal requirement? on the system are : 

(a) the highest possible accuracy, of the order of one metre $ 

(b) completely automatic operation of the ground beacons ; 

(c) location-data transfer via the satellite ; 

(d) data-processing at a single point (described below as "opera- 
tions centre"). 

The satellite has a twofold role - locating the beacons and trans- 
ferring data. 
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The transfer of data between the various beacons scattered round 
the world and the operations centre is made possible by having 
a memory carried on board the satellite. There is therefore a 
certain time-lag between the tine when a measurement is Bade and 
the no cent when it reaches the operations centre t it can be up 
toseveral hours. The satellite nenory is also used to store the 
telecommand orders for the beacons to be interrogated. 

The operating principals of Geole is shown in Fig. 1 The sequence 
of events is as follows : 

1. The work programme for the satell .te covering a given period 
(froa 2 1/2 hours to several days) is drawn up at the opera- 
tions centre. 

This programme accommodates requests from users, who have to 
state : 

(a) the date on which the beacon will be in position ready to 
be interrogated ; 

(b) the beacon's approximate position (within a few hundred 
kilometres) ; 

(c) the accuracy of location-pinpointing needed, and the 
massages to be passed to the beacon. 

2. This programme is transmitted to stations in the teleconnand 
network (e.g. by teleprinter). 

3. Orders are transmitted to the -..’'Hite by telecommand so 
that it can carry out the work programme. 

4. The satellite stores the orders it has received. These orders 
comprise the addresses of the beacons to be interrogated, the 
times at which they are to be interrogated and the messages to 
be passed to the beacons (calculated positions, signal to ter- 
minate operations, etc.). 

&. The orders are carried out at the times indicated, and the 
beacons specified are interrogated. At each interrogation the 
beacon (assuming it is in view and its receiver has locked 
onto the carrier) will on decoding its own address retransmit 
this together with location-fixing signals and the date gene- 
rated by the beacon's sensors. 

At each interrogation, the satellite stores in its memory : 

(a) the address of the beacon being interrogated ; 

(b) the time (using the satellite clock) ; 

(c) the location measurement data (2 range measurements and 2 
Doppler measurements) ; 

(d) the data from the beacon sensors (temperature, pressure 
and humidity for correction of tropospheric errors) and 
messages to be transmitted via the satellite. 

6. The satellite passes over a telemetry station, and the con- 
tents of the satellite data store are transmitted to the 
ground. 

7. These data are passed to the operations centra (e.g. by tele- 
printer) . 

8. The data are computer-processed, calculating the positions of 
the beacons and pre-processing the messages received. 

9. The beacon positions and messages are passed on to the users. 
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The system operates in a sequential mode, so that there is no 
simultaneous interrogation of a number of beacons. During one 
satellite pass above a beacon, the latter will be interrogated 
a number of times, in order to allow interpolations. 

The following instance, illustrated in Tig. 2 will serve as an 
example : 

- A user wants to know the position of Beacon No, 40 t= the 
beacon address). Xn the same area as this beacon there are 
three beacons of known position, with the addresses 2?, 31 and 
34. These latter beacons will be used for plotting the satel- 
lite's track. 

The work programme drawn up by the computer centre might then 
be : 
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time H 0 interrogation of Beacon 77 

time H 0 ♦ $ s interrogation of Beacon 31 

time H o t 10 s interrogation of Beacon 34 

time H c ♦ 15 s interrogation of Beacon 40 

followed by interrogation of the other beacons of unknown posi- 
tion, with the same sequence at H ♦ 60 s and H + 120 s. 

o o 

The interpolations make it possible to construct three groups of 
simultaneous pseudo-measurements at the four beacons. The pseudo- 
measurements at Beacons 77, 31 ans 34 fix the three positions of 
the satellite, while the pseudo-measurements at Beacon 40 allow 
the latter to be pinpointed. 
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4. UTILISATION or THE SYSTEM 

4.1. A basic datum ; the standard lattice network 

As already stated, the satellite's trajectory will be calculated 
by means of measurements made from the apices of the polyhedral 
lattice network set up in the first phase of the mission. This 
means, in particular, that points to be located will be referred 
to this network. 

4.1.1. Shi>ite w of.a_t2rrestrial_datu» 

The datum system chosen for Geole does not involve the vertical, 
which is surely revolutionary for the surveyor. The choice is a 
natural one, namely a trihedron determined by four given fixed 
points has no need to be trlrectangular it will always be 
possible to define a trirectangular trihedron. 

In practice, a sir. e'e trihedron would scarcely he practical for 
obtaining coordinates of points, and it is planned to construct 
a polyhedral lattice network encompassing the Earth and passing 
through the four fixed points mentioned above, for reasons of 
homgeneity , the mathematical treatment of the network < including 
the four fixed points! will he carried out In one single opera- 
tion, 

4.1.2. |eterminatio^_of_the_latt ice_network 

In the system, whether one is concerned with determining the 
apices or locating isolated points, the law governing the satel- 
lite's movement plays no part, except to obtain the best possi- 
ble interpolation between measurements. The advantage of this 
procedure is that it does not introduce systematic errors due, 
for example, to an imperfect knowledge of the Earth's GM {gravi- 
tational constant multiplied by the mass of Earth) or to certain 
harmonics of the earth's potential with which the satellite might 
resonate. 
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The reference lattice network can be determined by means of dis- 
tance measurements between the satellite and the apices, or, 
better still, by measuring distances and radial velocities bet- 
ween these same points. 

<• . 1. 1 . 1 . NB56SE-2{.m3!H!SSnS.e9XSE!3i08.S.’I2l3IlJS4Mi-ia5SiSS 
network 

To fix the position of the lattice network with reference to 
the Earth, it is necessary and sufficient to determine six unk- 
nowns, viz : 1 point (3 unknowns) and 3 Euler angles (3 unk- 
nowns). Since each apex of the lattice network is determined by 
3 coordinates, the number of unknowns to be determined for a 
network having n apices is therefore 3 n - 6. 

u. a, normal method of use 

An unknown point can be determined by introducing one new apex 
of the datum lattice network. We ha' e seen (see para. 4.1,2.) 
that to solve the problem it is netessary to have simultaneous 
visibility of four apices (the unknown point and three points of 
the basic network) and at least : 

6 different satellite positions when distance measurements alone 
are used, 

14 different satellite positions when distance and Doppler measu- 
rements are used. 

In practice, the number of measurements should exceed these 
minimum values t furthermore, the ultimate accuracy can only be 
achieved by observations at several passes giving sufficient 
geometrical diversity to get rid of possible bias in the measu- 
rements . In addition, during a single pass, the measurement po- 
sitions should be equally distributed over the arc of the orbit 
visible from the beacon concerned. 

•*.3. Insertion of measurements made by Geole in local geodesic 
systems 

The lattice network determined during the first phase of the 
mission will enable us to define an axis system related to the 
Earth and fixed once for all. The axis system best suited to 
user requirements will be chosen. Its characteristics would be t 

Trirectangular axes, o, x, y and z t 

Origin close to the Earth's centre of mass i 

Z axis very near to the geographical pole t 

Plane o x z lying virtually along the Greenwich meridian. 

The assuracy of the system and the possibility of treating the 
orbit by means of a semi-dynamic method makes it possible to 
assert that : 

. The origin will be few metres from the centre of mass t 

. The o z axis will be aligned on the geographical pole with an 
accuracy better than 0.1" ; 

. The plane o x z will differ from the Greenwich meridian by an 
amount not greater than 0.1". 

When the axis system hat been set up, certain users nay have 
to establish a relationship with regional geodesic systems (e.g. 
Europe SO, North American Datum, etc.) or local systems (e.g. 
the system of a given country). 
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To a first approximation , the transition from the axis system 
to local systems will be achieved by means of one translation 
movement (of about 100 metres at most), a rotation and a scale 
conversion by determining three known points in the geodesic 
system with Geole, the transformation parameters will be obtai- 
ned. It is clear that the distribution of points in the initial 
lattice network will enable transformation formulae to be obtai- 
ned for the major regional systems. Special operations might 
be necessary for local systems. 

4.4. Utilisation i conclusion 

The system will be set up in two stages : 

• The first will consist of placing a satellite in orbit asso- 
ciated with about 100 beacons. 

- The second will consist of adding to the system one or more 
satellites so as to give permanent cover all over the globe. 

One might envisage putting a satellite in orbit once every 
year or 18 months. 

Such a system can only be set up if it is economically attrac- 
tive. The customers will probably pay on the basis of the time 
for which the use it. The cost will depend to a large extent on 
the number of contract customers actually using the system. A 
rapid calculation shows that if the system was used continuously 
by 100 beacons : 

- The cost of pinpointing a single triangulation point with high 
accuracy (1 metre) would be of the order of 5000 to 6000 
francs . 

- The cost of pinpointing an isolated triangulation point with 
average accuracy (10 metres) would be of the order of 1000 to 
2000 francs. 

At the beginning of the coming decaden the system could thus 
become the ideal tool for surveyors, hydrographers , prospectors 
and topographers. 

5. CURRENT THINKING ON THE PROJECT 
5.1. Measurement s ystem 

For each beacon interrogated, two types of measurement are made 
by the satellite : radial velocity and distance between the 
beacon and the satellite. 

Radial velocity is measured by Mans of the Doppler effect i on 
board the satellite, a comparison is made between the frequency 
of a carrier as transmitted by the satellite (1500 MHz) to the 
beacon and is re-transmitted by the beacon. Because the passage 
through the ionosphere and troposphere alters the signal's pro- 
pagation velocity and falsifies the measurement, the beacon re- 
transmits on two separate frequencies (2000 MHz and 400 MHz) 
and a linear combination of these two velocity measurements 
enables a correction to be made for the effect of the ionosphere. 
Assuming the satellite's position on its orbit to be known, the 
corrected value of the radial velocity makes it possible to de- 
fine the geometrical locus of the beacon, which is a cone whose 
apex angle is a function of the velocity. Several measurements 
at different points on the orbit make it possible to define 
several cones intersecting at the beacon's location. 

The distance from satellite to beacon is determined by measuring 
on board the satellite the propagation time of a low-frequency 
signal (sub-carrier) sent out by the satellite towards the 
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beacon to be located and re-transmitted in phase by the beacon 
towards the satellite. Here again, the passage through the io- 
nosphere and troposphere falsifies the measurement ; to correct 
the error, the measuring signal is re-transmitted by the beacon 
on two carriers (2000 MHz and 400 HHs) ; two distance measure- 
ments are then carried out and cotbined linearly. Because of 
the accuracy required, the sub-car, ler frequency is relatively 
high (1 MHz). Since the distance measurement is in fact a mea- 
surement of phase-shift between the signal transmitted by the 
satellite and that re-transmitted by the beacon, there is a 
measurement ambiguity corresponding to a 360 s phase-shift of 
the sub-carrier. Since a measurement ambiguity exceeding 30 km 
is desired, the signal is in fact made up of 9 sub-carriers 
transmitted sequentially whose successive frequencies are in 
the ratio of 1 to 2, the lowest sub-carrier being about 4 kHz. 
Since the satellite position is assumed to be known, the correc- 
ted distance measurement makes it possible to establish the geo- 
metrical locus of the beacon to be located, which is a sphere 
with the satellite ae its centre. Several measurements at va- 
rious points on the orbit make it possible to define several 
spheres that intersect at the beacon location. 

S.2. Errors 


The accuracy required in locating the beacons in the most exac- 
ting circumstances will call for high-quality performance by the 

measuring system. Its main causes of error are i 

- Ionospheric and tropospheric errors, which can be corrected by 
using two frequencies on the up-link, provided »<•••• the bea- 
con look angle is greater than about 20 s when t*- assure ment 
is made, and by measuring the atmospheric parame* rs (tempe- 
rature , pressure and humidity) . 

- Errors associated with antennas and due either to the displa- 
cement of the phase centre of the satellite or beacon anten- 
nas, or to obstacles in their vicinity (reflection cr dif- 
fraction effects). These errors can be quite easily overcome 
by good satellite stability and by taking measurements at 
fairly high beacon look angles ( ^ 20 s ). 

- Errors due to measuring equipment - frequencymeter for velo- 
city and phasemeter for distance. These pose no special pro- 
blems. 

- Errors due to thermal noise on the links : with reasonable 
link budget assumptions, these errors can be reduced to 2 m 
in distance and 2 mm/s in velocity. 

- Errors associated with transit time stability in beacon and 
satellite circuits. This is the most difficult problem. The 
transit time must be stabilised to within 2 ns. A likely 
solution is negative feed-back in the beacon modulation cir- 
cuits and self-calibration on board the satellite. 

- Errors associated with time-logging of measurements t this 
is not critical. 

General technical characteristics of the measurement system 

thus comprises : on board of the satellite : 

(a) A l.S GHz transmitter (with a power of .0 to 20 W) modula- 
ted by tne address and distance measurement signals and 
the data to be sent to the beacon. 

(b) A 2.1 GHz receiver, 

(c) A 0.4 GHz receiver, 

(d) An ultra-stable oscillator (stability 10-11 s), 

(e) Two frequencymeters for velocity measurement. 
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(f> Antennas for use at 400 HHz and l.S - 2 GHz, 

(g) Laser reflectors for calibration measurement 6 . 

On each beacon : 

(a) Antennas for use at 400 MHz and 1.5 - 2 GHz, 
fb) A 1.5 GHz receiver, 

(c) Two transmitters operating at 400 MHz and 2 GHz respective- 
ly. 

(d) T'.rcuits for extracting the address signal, the distance 
signal and the data, 

(e) Data transmission circuits (for tropospheric correction). 

5.3. Choice of orbit 

The satellite altitude is chosen so that at any moment 4 beacons 
of the datum lattice network are simultaneously visible from it. 
This enables the network to be defined by a purely geometrical 
method. Since these beacons can only be situated on dry land, 
the orbit altitude is related to intercontinental distances and 
will lie between 3500 and 4000 km. 

The inclination of orbit is such that a beacon situated at the 
pole can be correctly located, i.e. the beacon look angle will 
be around the optimum value of some 30*. The inclination will 
therefore be some 60*. 

Orbit eccentricity is not a critical parameter. Reducing it to 
a smell figure of the order of l % confers certain advantages 
in the dimensioning of the system : reduction of the dynamic of 
radio signals, an improved mathematical model of the orbit and 
easier satellite stabilisation. 

5.4. Satellite characteristics 

The factors governing the satellite's dimensions are : 

- The size of the solar generator determined by the transmitted 
power at l.S GHz and by the fact that >’t an altitude of 

3500 km the satellite is subjected to Righ doses of radiation, 

- The mass of the experiment, which is relatively complex, 

- Redundancy necessary to ensure a lifetime of at least three 
years, 

- The size of the memory required to store all the information 
in t-unsit in the satellite between beacons and the processing 
centre. 

Currently, the planned satellite has a mass of some 250 kg and 
can be launched by a Thor- Delta 2310 without apogee motor. It is 
geocentrically stabilised *c within about 10 °, which makes it 
possible to have fixed antennas Minted towards tho Earth. The 
solar generator is fixed and omnldirectir .al because operation 
is continuous. 

. ' :h regard to electronic facilities, the satellite is equipped 
V.’tri e 136 KHz telemetry By j tern end a 146 *<Hz telecommand syrr-n 
working to the stations of the European network. Date are stored 
on a 250 000-bit * -e memory. 

5.4. Beacon cha io c teristics 

At least two types of beacor are envisaged, depending on the 
level of perfo’ an--,, required : 
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- Beacons with directional self-pointing antenna* required to 
attain the system's ultiaate accuracy and wh'tfc will be used 
in particular to set up the ditun lattice network, 

- Beacons with omnidirectional antennas, less costly and acre 
sinple in use, whose accuracy will be about three tines less 
good. 

In addition to the coherent responders already went ioned , the 
beacons comprise : 

- Sensors for physical naasureaenta to carry oat tropospheric 
corrections (measurement of teapersture, pressure and humidi- 
ty) . 

- A display systen for presenting data to the user (e.g. point 
co-ordinates ) , 

- A power source capable of providing SO W peaks during trans- 
missions. 

6. DIALOGUE 

6 . 1 . Objectives of Dialogue 

6.1 i. l«at-sf_l 2 S«iB 0 -iu&rams» 

The DIALOGUE project is intended to allow tasting of the GEOLE 
measuring jab-system, end to prepare potential users for this 
new aethod of location-pinpointing. 

The location end data transmission sub-system, which is shared 
by the two projects, conprisss t 

- In the satellite : antennas, pilot oscillator, transmitter, 
receiver, renge and tt-’ppler measuring instruments, data col- 
lection and transmission . 

- In the beacon : antennas, responder unit, data transmission 
equipment . 

6.1.2. Xj»t_oJ_m«5{u£ir}g_j>riecij>les_«n£_methods_$o_6e_epg lcyed 
in GEOLE 


••1.3* HiiotaioiDK.bEJCesiiDg.iDSBCcsi.nBDUBXniUdl.iam 

DIALOGUE represents an essnntial stage in developing the GEOLE 
program-. If it is completely to achieve its aim, Mt only 
must experiments with the location sub-system and ’ ha associated 
data- processing prove that the degree of accuracy ought Is 
being obtained, but potential clients moat be made aware of the 
usefulness and advantages of such a system. To ensure this, it 
■ms been decided to offer these potential users a place in the 
DIALOGUE project. 

They night part 'cipate in two ways : 

;«i They could be in-::-*' in the CUSS experiment, or kept very 
fully informed of v progress of development and, latsr, 
of tha results obtained i or 

tb) They could be offered the oppo r t u nity of using DIALOGUE 

as soon ss tin location sub-system and asso- 
ciated processing e-e yielding the expected accuracy. 
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Will* this objective comes only in tl m final (tag* of the 
DIALOGUE project, it utt not bo fooufot of as secondary, for 
tho future of (SOLE lion not only with bsisg Ohio to build a 
location sub-systnm that will gi«* th* necessary performances , 
but also with having a large number of likely nsers who become 
film customers whan this sxperinental stage is over. 

6.2. Wain t echn i c al characteristics 


The launcher .ill be a DIAKAKT B with a PS lad stage. 

Orbit t 

The orbit has been selected as function of 2 

. co ns traints doe to the data handling 
. the overall objectives t- *•' Obtained 
. the launcher performance 

Tho orbital characteristics are : 

. apogee 6 SO km 

. perigee : 6S0 km 

. inclination : 60* 

Satellite : 

The DIALOGUE satellite will be built from the second flight nodal 
of the *E0LE* prop—, the first satellite having been launc h e d 
in 1971. The equipment of the COLE experiment will be replaced by 
the position finding sub-system to be tested. 

The main satellite stir- systems are the following : 

a) the position finding sub-system with : 

- a 1630 HHx transmitted with a radiated power of 5 W nodula- 
ted by foe ranging and data signals. 

Tbs ranging signal is a binary code with a basic rate of 
1 MBs and 200 yu* recursion (distance without ambiguity of 
30 km). 

The frequency band occupied is * 2 KHz 

- a receiver centred on 2099 HHz demodulating the ranging 
signal 

- a *02 MHz receiver 

- an ultra stable oscillator controlling the transmitter and 
foe clocks 

- a frequency measurements system (Doppler) on foe 2 links 
• a ranging system on foe 2 links 

- an antenna pointed toward* earth 

- laser reflectors for foe calibration measurements . 

b) The EOLE sub-systems : 

- t36 MBs tele— try transmitter 

- 1*9 IK* telecommand receiver and decoder 
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- gravity gradient stabilisation. 

The total satellite mass is estiaated t be M kg. 

Beacons : 

The beacons are coherent repeaters comprising essentially : 

- an antenna 

- transmission end reception equipment 

• data handling equipsmnt (address recognition, meas urem e n ts 
enabling tropospheric errors to be corrected, i.e. pressure, 
temperature and relative humidity} 

• a potter supply. 

Two types of beacon will be used : 

- type II with directional antenna pointed automatically to the 
satellite 

- type I which are identical to type II except that they have an 
omnidirectional antenna. 

Only type II beacons enable position determination to within 1 

metre ; however, type 1 beacons with an omnidirectional pattern 

are easier to use and can be installed in certain vehicles. 

6.3. Planning 
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RESULTS OF GEOLE SYSTEM SIMULATIONS 
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ABSTRACT 


Siaulations on the precise ini opdratioaaai positionning system 
GEOLE are presented. The position of user's transponders will 
be conputed, in a world wide reference coordinates systea, fro* 
range and range rate aeasureaents. This datua consists in the 
set of coordinates of a net of stations, well distributed all 
a'-und the earth. The respective positions of these points will 
be deterained with GEOLE itself during a preliminary step. 

A significant simulation of the real systea, particularly con- 
cerning eriors on aeasureaents, had been carried out. In a 
aetrical approach, which leads to a satellite altitude of 3500 
to 4000 ha, it is showed 'hat the reference station net can be 
known with an accuracy better than one aeter in less than 20 
days of observations. On a aore local scale, each suaait of this 
polyhedron will be linked to the nearest others, soaetbing like 
1 or 4000 km apart, with an accuracy of about SO centimeters. 

A long arc technique leads to results 2 or 3 tines not so accu- 
rate, on the hypothesis of present urcertainties on knowledge 
of earth gravity field. These capabilities are able to be brought 
down to those of the geometrical Jet hod, with, in addition, 
fifting of soae lump coefficients to absorb the more important 
orbital perturbations. 

Siaulations showed also that ia the operationnal phase, users 
can get their position with accut icy better than 10 aeters on 
one pass and better than 1 water, whatever the latitude of 
transponders, after one day observations. 


- lntoduc*_ £ - 


During the second part of the sisxty years, the Centre National 
d’Etudes Spatiales (CNES) , took interest in one category of 
application satellite intended to position operational fi- 
xed or mobile users. It’s in this way that was conceived, then 
carried our the EOLE satellite, launched during 19’1. The 
purpose of this project was to get petition of balloons is 
high atmosphere The spacecraft do, with treapoadeurs set on 
beard of balloons, range and range rate measurements. This 
prime objective was followed by complementary applications, as 
positionning of fixed transpondeurs, buoys, icebergs. After, 
joon, three years of good running, the satellite works yet. 
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On 1967, during the realization phase of EOLE, was born the idea 
of a sore aabitions project, having objectives of geodetic 
accuracy. The aain features of this operational systea reaind 
those of EOLE and the new project was named GEOLE 1 where 
"G" is a kind of geodetic quality flag added to EOLE systea. 

■.9M5iUYtJ.5f.5l9H.' 

GEOLE is an operationnal positioning systea that gives the 

P osition of transponders in a worldwide coordinates systea. 
he accuracy scope needed answers two different classes of 
-equests of the potential users : 

- Relatively short delay between observations and 
delivery of the fix to the users. Datas of only one 
pass wilt be used. Accuracy will be on the order of 
10 meters, 

- short delays are not a so great constraint, but a 
better accuracy is needed. Observations of a whole 
day are usee. Accuracy is about 1 neter. 

These figures are for fixed transponders or if velocity was 
known. For no bile transponders, accuracy is liaited by factors 
external to the systea which are the bad knowledge of all the 
platfora aoveaents. K;vertheless, the conception of the GEOLE 
systea can extend to an integrated systea which gives informa- 
tion-; on these aoveaents. 

The realization of these applications objectives and particular- 
ly the definition of the world wide coordinate systea, iaplies 
to settle on the earth surface a polyhedron of reference sta- 
tions. The respectives positions of these fundanental points 
must be deterained, by the GEOLE systea itself, in a prelimina- 
ry step, with an accuracy of about 1 seter. This intermediate 
objective, has an actual scienti/ic interest, the nore recent 
publications on stations net coordinates showing discrepancies 
from 10 to 20 meters. 

Objec<ives_gf_the_sinulatigns_- 


The afelysis of results obtained by different centers, like SAO 
M GSFC [3] or NHL, using space techniques for geodesy pur 
pores, j*vj» i:.c order of nagnitude necessary in the accuracy of 
ekaotary measurements to perform the GEOLE objectives. It 
leads Co aim accuracy of about 1 meter for range measurements 
and 1 millimeter per second for range rate measurements. 

Some experience had been gained also in France after the laun- 
ching of geodetic satellites as D1C (670111) and HD (670141), 
equipped with laser retroref lectors and very stable oscillators 
which g'.v range and range rate measurements. Processing of the 
data, mad. by the Groupe de Recherches des Gdoddsie Spatial* 
(GRGS) according to geonetrical and long arc techniques , had 
led to the linking of stations more than one thousand kilone- 
ters apart, with accuracy of some meters [4] . The GEOLE system 
with an far better quality for range rate data will lead to a 
determination better than one meter on such distances. In the 
same way, results get with EOLE systea, two orders of magnitude 
less accurate than GEOLE, show that current accuracy is about 
1000 meters but a refined processing gives 2 or 300 meters. 
Furthermore, GEOLE has the advantages, with regard to the above 
experiment, except EOLE, of unicity of measurements system and 
unicity of synchronization with the satellite borne clock. 

The above considerations give confidence in the hypothesis 
chosen for GF.OLE , but they give only an idea of the global capa- 
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bilities of the system. 

In opposition with this general approach of the problem, a 
specific siaulation tool of the GEOLE systen had been carried 
out. In a first part, it generates aeasureaents as significant 
as possible of those of the operationnal system, and in a second 
part these data are processed with statistical evaluation algo- 
rithas significant of techniques that will be used in the ope- 
ration piase. This instruaient tool allows to study aore in details 
tails the influence on the final objectives of elements of the 
tystem or subsystems, such as orbital characteristics or number 
and location of reference stations or type of errors on measure- 
aents. The results presented further on concern the two phases 
of the experiment, the preliminary one in which the reference 
polyhedron is settled, and the operationnal one, in which users 
get this position in this reference system. 

■-SxEJibssIs.sf-ibs-Sifsislisss-" 

- The geoaetrical approach we intend to use in the preli- 
minary step implies a regular distribution of the reference sta- 
tions. The approximate length of the chords is fixed by the 
geographical possibilities to put transponders on islands or 
coasts around the Pacific Ocean. This length is of about 3S00km 
which gives a total number of 30 to 40 stations for the referen- 
ce polyhedron. In the simulations, we had taken 36 stations and 
their location is showed on figure 1. 

- - The visibility of the satellite by a station is limi- 

ted by the maximum zenithal angle of the station to satellite 
direction. The limit value results from compromise between tech- 
nical constraints (acquisition of frequencies, troposphere 
errors ...) and coverage considerations. In the simulations we 
took two values : 70* and 7S*, 

- The geoaetrical approach implies too, that the satellite 
would be able to see simultaneously 4 stations of the reference 
net. This constra'nt associa-e with the limit visibility one, 
fixes the minimi' of the orbit altitude . To get sufficient 
coverage we have hosen the following values : 

Zenithal maximum angle orbit altitude 

70' 4000 km 

7S* 3500 km 

The other characteristics of orbit in the simulation are : 

Excentricity : 0.01 

Inclination 60° 

This inclinaison permits to see transponders neat the poles. 

The positions of the satellite had been generate, from these 
orbital elements, by numerical inegration of the movement equa- 
tions. Forces taken into account are those due to earth gravity 
field (the model used is Standard Earth II, SAO [5J ), Luni- 

Solar effect, radiation pressure. 

- The calling node of the transponders in GEOLE system 
is a sequential one. The calling sequence will be elaborate in 
the coaputing center and load in the memory of satellite. But 
the geoaetrical method needs simultaneous data. So, it will be 
necessary to interpolate in the range measurement and the range 
rate one of each pass to get fictive simultaneous dat ■■ To »»ep 
accuracy of measures in this fitting f a sufficient number of 
observations points is necessary (order of 20). For that purpose, 
the calling recurrence with each reference station was taken to 
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1 minute. 

- Detailed study had been Bade on the errors of the aeasu- 
reaent systen(electronics , propagation, geoaetry ...). The siau- 
lation prograa can generate a particular type of error by adding 
a specialized routine. We have selected only the nain type of 
errors which are given in the following table : 



TYPE 

MAGNITUDE 

RANGE 

1. Thermal noise 

0.8 

UNITS : meters 

2. Time delay in transpon- 
ders 

0.0 to 1 .0 


3. Time delay in satellite 

0.8 


4. Propagation (troposphere) 

kj/sin h, 
0 .< k,<0.1 

RANGE RATE 

S. Thermal noise 

1 .75 

UNITS : 
millimt ./Sec. 

6. Propagation (tropos- 
phere) 

7. geometrical effect 

kj/sin h, 
0.<k 2 < 0.2 
kj/sin h, 
-0.4 <kj< 0.4 


Errors N*1 and S are gaussian with R.M.S. indicated. 

Error N* 3 is a constant biais. 

Error 1* 2 is constant for one pass with a transponder, but this 
constant is regularly distributed between the two bounds indica- 
ted for all the passes. It take into account the sensibility of 
transponders to meteorological variations. 

Errors N* 4, 6 and 7 have a profile bound to the angular eleva- 
tion of station to satellite direction above horizon of the sta- 
tion. The K. values, constant on one pass are regulai , distri- 
buted for all passes. The propagation errors arc residuals after 
corrections coaputed from aodels I6J , [7] where ground 
rological parameters are introduced. These paraaeters (tea?, ma- 
ture, pressure and humidity) are measured in the transponders 
and collected by the satellite . 

-_Mc*hod*_of _R«»olut i gn_and_Rggul t g_ - 

Processing consists of statistical evaluation of paraaeters of 
which measures depend. By its ground end the measure is depen- 
dent of the coordinates of the station and by its space one, it 
is dependent of the coordinates of the satellite. If observa- 
tions are simulatenous , no more parameters are concerned. If 
they are not, 'elative motion between satell'te and stations 
nust be introduced during t e interval separating measures. 
Orbital parameters and forces acting on the satellite are invol- 
ved and also the global earth movements in an inertial reference. 

These 2 approaches wer* st Hed for the polyhedron determination 
phase . In >.he geometrical metho d, by interpolation on very 
small time .ntervals, we get simultaneous observations from 
groups of 4 stations. From each simultaneous set, we can elimi- 
nate the satellite position and it remains one (range only) or 
two (range and range rate) conditions equations, between statirn 
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coordinates only. After soae days of observations, the whole 
systen of equations becones well made up and can be resolve. 
Before resolution it's necessary to fix barycenter of the po- 
lyhedron and its "Bean" orientation by constraints because the 
geometrical nethod cannot deternlne then. We had taken this 
constraints as follow : 


£ A?- 0 and 2] 0? a a? • 0 


where P is the initial position of a station and AP the propo- 
sed solution for this station. 

The two cases of altitude orbit nentioned above were studied. 
Thirty days of data were generate in each case. Resolution of 
the condition equation system was made with data of 2.S days, 

5 days, 7.5 days ... 30 days to study the convergence of solu- 
tion. Initial position of each station had an offset of about 
300 aeters (randomly distributed over the whole 
polyhedron) from the true cvalue which serve to generate data. 
Direct conparison on station coordinates between each solution 
and true reference value is not easily readable because of glo- 
brl translation and rotation of polyhedron - So , we made these 
cot oar i sons on the chords that link each sunmit of the polyhe- 
dron. 

Statistical distribution of errors on all the chords (630) is 
showed figure 2, for a 2.5 days, 12.S days and 25 days observa- 
tion period. First, sensible difference can be noted between 
the 3S00 km orbit altitude case and the 4000 km one. But we must 
remember that in the first case, the minimum elevation angle 
above station horizon is IS* and 20* in the other case. It 
gives, in the 3S00 km and !S* hypothesis, a better geometry for 
the elementary tetrahedrons which are less sensitive to data 
errors. Me note also that in the two cases the chord errors 
are not equally distribute' 4 each side from zero. This biais is 
about of 1 meter. Its origin is in the biais on measurements and 
essentially those on range data : the constant tine delay in 
satellite electronics and the time delay in transponders equally 
distributed between 0 and 1 meter. The effect is to expand the 
whole geometrical figure. It would be of great interest to reduce 
the first error, by frequent calibration, and to center the trans- 
ponders errors. It must be outlined that despite biais, all 
the chords are computed after 25 days with an accurarcy better 
than 2 meters. This fulfils the objectives of GEOLE for the first 
phase. 

Convergence of the solution is sensible on the three check points 
of figure 2, but it is more visible on the fig-re 3 were the 
percentage of chords computed with an accuracy better than 2 
meters is plotted against the number of days of data. It clearly 
shows that convergence is reached in about 20 days. 

Global representation as above is note quite satisfactory because 
distribution of chord length is not uniform (the longer ones are 
more numerous) and it does not give idea of local accuracy. On 
figure 4 are shown discrepancies on chord? that link one parti- 
cular station, in this case an equatorial one, to all the 35 
others. The biais effect is also visible and its depenJance to 
chord length is clear. For the nearest stations (< 5000 km) error 
on the chord is on the order of SO centimeters. Relative accura- 
cy dr / r is about 1C 7 . Results arc the same when we take a 
high latitude station. Dispersion of points is even smaller. 

The determination of the polyhedron was also tried with a lone 
arc technique where orbital parameters and the coordinates of 
the stations are fitted. Numerical integration was used to des- 
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cribe the satellite movement. In addition to the above data errors 
discrepancies in the earth gravity field were introduced. For 
the generation of data SE II was used, the GEM 4 nodel for processing 
Differences between the two nodels reach 20 aeters on the geold 
height, principaly in Southern Hemisphere. Coaputations made 
on one day to five days observation interval, with statistical 
gathering of solutions show that : 

- results are globally 2 or 3 times not so accurate 
as in the geometrical method, 

- results are worst in southern hemisphere, 

- errors on stations are sensibly stable with time 
(on one month interval). 

This indicat high correlations between station position and 
potential coefficients as often outlined by geodesist who deter- 
mine earth gravity models. 

Nevertheless, hypothesis taken for uncertainties on knowledge 
of earth potential is very severe. It was probably true on 
1970 but for 1980 which is the expected launching date for GEOLE 
an improvment by a factor 3 or S would not be a surprise. 

It is the reason that led to study the application phase with 
the orbital method . In this t ‘chnique, orbital parameters are 
computed first, with data from a sub-set of the reference poly- 
hedron stations, the position of which had been determined at 
1 meter with geometrical method. Then the orbit serves as refe- 
rence to compute the position of user 'transponders. With this 
practice, the final accuracy is sensitive also to earth gravity 
field model errors. If globally, on 1980, the models will have 
sufficient accuracy, it is possible that some resonnant pertur- 
bations raise to a significant level. These effects can be 
smoothed by adjustment of lump coefficients, for example on the 
same data that had served to compute geometrically the reference 
polyhedron. Simulations based on the first order perturbations 
formalism given by KAULA [8] show that 80 to 901 of the reson- 
nant effect was absorbed, bringing down the residual to the 
mean level of other perturbations spectrum. 

The effect of data errors on fixed user positionning is shown 
on figure S and 6. 

Figure S gives errors for a one pass determination. As very 
often said, the main direction of error is cross-track. It in- 
creases rapidly when the transponder is very near the satellite 
track. Cross track error is lower than 10 meters for geocentric 
track distance than S* and lower than 20 meters at more 

than 2*. Along track error is lower than 1 meter and height error 
lower than S aeters. It is important to note that because of the 
two kinds cf data (range and range rate) GEOLE has the possibi- 
lities to compute on a single pass, the 3 components of a fixed 
user . 

Figure 6 shows errors on the fixed user position with one day 
observations. Results are dependant of relative values of the 
user latitude and the orbital inclination. Three inclinations 
are studied : 0*, 30* and 60*. For the last one, whatever the 
user latitude, even near poles, error is on the order of 1 me- 
ter. 

- CONCLUSION - 


Simulations representative of the GEOLE operationnal system show 
that : 

- by a geometrical method, the polyhedron of station 
which will serve as reference coordinate system for 
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posit ionning users, is able to be determine with 
an accuracy of 1 meter in a time interval of about 
20 days. Relative accuracy reaches t0~7, 

• Pitting of lump potent 1 il coefficients to resorb 
resonnant perturbations allow the use of orbital 
method during the user's phase, 

- errors on users position will be of about 10 meters 
on one pass and 1 meter with one day observations. In 
both case, the three components of the users are deter- 
mined. 
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FIGURE 1 - REFERENCE POLYHEDRON 



FIGURE 2 - STATISTICAL DISTRIBUTION OF ERRORS ON COMPUTED CHORDS - 
On the left, orbital altitude ia 4000 km and mini- 
mum elevation angle for each station is 20*. On the 
right, orbital altitude is 3500 km and limit elevation 
angle is IS*. Statistics are made with 2,5 days, 

12,5 days and 25 days of observations. 
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FIGURE 5 - POSITIONNING ON ONE PASS - 

Errors cross track (1), along track ( // ) and on the 
altitude are given with respect to the geocentric 
distance between the transponder and the satellite 
track. 
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FIGURE 6 - POSITIONNING ON ONE DAY - 

Total error of positioning is given with respect to 
the transponder latitude, for 3 values of the orbit 
inclination. 
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ABSTRACT 

Acoustic navigation techniques, utilizing bottom moored 
acoustic references, (e.g. transponders or beacons) can 
provide very precise (l-10m) relative positioning of both 
surface and subsurface objects. This precision relative 
positioning can be extended to the geodetic coordinates by 
xntegrating the acoustic system into a geodetically refer- 
enced navigation system such as NAVSAT. This paper is a 
tutorial treatment in which the subject is partitioned into 
two major topics. First is a discussion of the measurement 
of the geometric parameters required to determine position 
relative to an array of bottom moored references. This 
describes the basic terminology and principles employed 
in various techniques such as Range-Range, Range-Bearing, 
Doppler, Pulse-Doppler, etc. The relative merits and 
limitations of these techniques are also presented. The 
second major topic treated is that of solution techniques. 

That is, given that the appropriate geometric parameters 
can be measured to within a reasonably known accuracy, how 
is an acceptable mathematical solution effected given the 
raw geometric data. This problem can be conveniently sub- 
divided into two parts: (a) calibration of the bottom moored 

acoustic references; and (b) navigation operations. Due to 
the impracticality of precisely implanting these reference 
devices, the first step in utilizing an acoustic array for 
navigation is to accurately determine the relative positions 
of the references. Described is the classical (that of base- 
line crossing and cloverleaf maneuvers) and more advanced 
techniques such as those described by Vanderkulk, Lowenstein, 
Short and Travis, and Heckman and Abbott. Generally, the 
survey technique can be easily constrained to yield a powerful 
technique for the determination of the position (navigation 
operations) of the vehicle given the positions of the bottom 
moored references. A bibliography is included. 


INTRODUCTION 

Navigation with reference to an array of bottom-moored 
acoustic references provides the highest position resolution 
and accuracy of any technique available at present for surface 
shlDS and submerged vehicles beyond sight of land. It is the 
only practical method of accurately determining the position 
of a submerged vehicle. 
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This discussion will be restricted primarily to those 
techniques that provide for a useful operating horizontal 
range of several times the water depth as opposed to schemes 
used to maintain a fixed position nearly over an acoustic 
reference on the bottom. For those interested, such techniques 
are described in references 3, 5 and 9. Also, this will be 
limited to so called portable reference arrays, i.e., the 
bottom references are such that they can be freely deployed and 
are not connected by wire to land or to a ship. 

Following the text is a bibliography. 


BASIC DEFINITIONS 

Baseline - The line or separation between hydrophones, 
transponders, or beacons comprising an array of acoustic 
devices used to determine the position of vehicle. 

Continuous Wave (CW) Beacon - An underwater device which 
continuously emits an acoustic signal with precisely known 
frequency and phase characteristics (usually a single frequency 
sinusoid) . 

Finger - An underwater device that repeatedly transmits 
acoustic pulses at a non-precise rate (approximately periodic). 

Pulsed Beacon - An underwater device which repeatedly 
(usually periodically) emits an acoustic pulsed signal at 
precisely known times. 

Responder - An underwater device that emits an acoustic 
pulsed signal upon receipt of an electrical trigger pulse via 
a wire connection. 

Transponder - An underwater acoustic device which after 
receiving a proper acoustic pulsed interrogation signal, trans- 
mit; generally a different acoustic pulsed signal delayed a 
precise and fixed period of time after receipt of the inter- 
rogation pulse. 

In order to uniquely distinguish between many transponders, 
the reply signals are usually different (for example different 
reply frequencies) while all the transponders in an array are 
interrogated by the same signal. This is called reply diver- 
sity. 


RANGE-RANGE/LONG BASELINE 

Long baseline systems determine position of a vehicle by 
measuring the slant range from the vehicle to a number (two 
or more) of bottom moored transponders or beacons. The bottom 
references are configured in a nonlinear array and are separated 
by about 0.25 to 0.5 of the transponder's maximum ran- :Ref. 
23). Maximum range of transponders available for deep ocean 
applications is generally 5 to 10 nautical miles. The geometry 
is depicted in Figure 1 for a surface ship. To determine slant 
range, an interrogation pulse is transmitted from the vehicle 
(ship or submersible) and by measuring the time between this 
and the time of arrival of the transponder reply the range to 
each transponder is determined. For deep ocean transponder 
arrays the position accuracy achievable is about 5 - 20m with 
a resolution of approximately 1 meter (Ref. 14). 

Obviously the number of interrogating ships (or subs) is 
limited for such a transponder array. Using pulsed beacons 


ORIGINAL PAGE IS 

of poor quality: 


188 



Heckman 


instead of transponders will allow for positioning of an un- 
limited number of vehicles within the acoustic range of the 
array. Here, the interval between the known time of beacon 
pulse transmission and the time of arrival of the acoustic 
pulse at the vehicle's hydrophone is measured to provide slant 
range data (Ref. 27). It is pointed out that there is a cumu- 
lative error associated with the beacon array due to relative 
drift of the time references in the beacons and the ship where 
as the transponder array does not have such a cumulative error. 
Also transponders lend themselves to longer term applications 
than beacons since much more power is required to operate a 
beacon due to the precision time reference and constant trans- 
mission of output pulses. With either transponders or beacons 
the data rate is low; approximately 1 cycle/10 seconds to 
1 cycle/60 seconds. 

Figure 2 shows a scheme for determining the positions of 
a surface ship and a submerged vehicle relative to a 3 trans- 
ponder array. Initially, ship position (U,V,0) is determined 
by measuring slant ranges rj, r 2 « and r 3 - To determine the 
position of the submerged vehicle , a transponder mounted on it 
is interrogated to measure r4,s- It's reply is such that it 
will interrogate the bottom moored transponders. When this 
signal is received by each bottom transponder, it replies with 
a signal which is received at the ship to give a measure of 
the quantity (r4,s + ri >8 ♦ ri), where i represents each trans- 
ponder, i=l,2,3. Since ru >s and each ri are known, rj jS can 
be determined by subtraction (Ref. 15). For noisy submerged 
objects it is better to use a beacon or responder on it due 
to the problem of the transponder "hearing" the interrogation 
signal in a local high noise level. 

The solution for the position of the surface ship or the 
submerged vehicle is the intersection of a number of spheres 
equal in quantity to the number of slant ranges available. Due 
to measurement errors, these spheres do not generally intersect 
at a single point but rather the solution is contained within 
a volume of uncertainty (a nearly simultaneous solution). 

Simple algebraic techniques have been used which usually choose 
the point of intersection of two of the spheres and other slant 
range data is used to resolve ambiguities. The solution is 
thus on the outside surface of the volume of uncertainty and 
is very unlikely to be the best estimate of the actual location. 

More powerful techniques have been developed which gener- 
ally use a least-mean-squared-error fit of all data available 
to provide a better estimate of the most likely position of 
the object within this volume of uncertainty (Ref. 22, 15, and 
26). 


Due to the impracticality of precisely implanting the 
bottom references, their relative positions must be determined 
as accurately as possible generally before the array can be 
used for positioning. This array calibration has traditionally 
been performed using cloverleaf and baseline crossing tech- 
niques (classical array calibration, Ref. 8 and 11). The 
cloverleaf maneuver is used to determine the depth of the 
references by positioning a ship on a series of four or more 
successive lines, such that each line passes through the 
closest-point-of-approach (CPA) of the previous line. See 
figure 3. The shortest CPA is assumed to be depth coordinate 
of the transponder. The baseline lengths between transponders 
are determined classically by a surface ship running additional 
lines through the reference array (figure 4) crossing each 
baseline at least twice, and summing the horizontal range 
components of each position determined along the line. The 
minimum sum of the horizontal components is the baseline length. 
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This calibration schema requires large amounts of ship time and 
critical ship maneuvers. 

A calibration method, made practical by high speed digital 
computation, that places minimal restrictions on the precision 
of ship operation and greatly reduces ship time is described 
in Reference IS, 22, 2S, 26 and 10. In this method slant 
range data from a minimum number (six for a surface ship in a 
three transponder array) of diverse ship positions allows the 
solution of a sufficient number of equations to determine the 
coordinates of the bottom references. In practice, additional 
ship position data provides for an overdeterministic solution 
of coordinates allowing a least-mean-squared-error best esti- 
mate. This is desired due to measurement uncertainties as 
discussed previously. 


RANGE-RANGE/ SHORT BASELINE 

This scheme is depicted in figure 5. Three hydrophones, 
arranged in a triangle that lies in a horizontal plane are 
attached below the hull of a surface ship. A pulsed beacon, 
transponder, or responder is attached to a submerged vehicle 
the position of which is to be determined with respect to the 
surface ship. The acoustic pulses from the submerged vehicle 
are received by the hydrophones and the three slant ranges Rj, 
R 2 and R3 are determined which provide sufficient information 
to calculate the x, y, and z coordinates of the vehicle. Due 
to the fact that the surface ship is not a stable platform, 
roll, pitch and yaw motions must be measured and included in 
the calculations to compensate for the relative motion of the 
short baseline hydrophones. This scheme can be referenced to 
a bottom datum by implanting a bottom moored transponder that 
is tracked by the surface ship (Ref. 1). Equations are shown 
in Reference 17. 

Since the pulses from the submerged object or transponer 
all arrive at the three hydrophones very close in time to one 
another and since hydrophones most likely are each located in 
essentially uncorrelated noise fields, this technique is very 
prone to large errors. Van Ness et al (Ref. 17) states that 
for timing errors of 0.2mS the errors in x, y, and z are on 
the order of tens of feet to almost 1000 feet depending on the 
relative location of the submerged vehicle to the surface ship 


TIME DIFFERENCE/SHORT BASELINE 

This method is primarily suited to station keeping appli- 
cations but since it is so closely related to the Range-Range/ 
Short Baseline scheme it seems worth mentioning. This system 
consists of aship mounted hydrophone array, roll, pitch and yaw 
sensors and processing electronics just as in the above tech- 
nique. However, the difference in the time of arrival of the 
acoustic pulses from a bottom moored acoustic pinger allows 
determination of the ships x and y coordinates on the surface. 
Figure 6 shows the geometry for one of the two planes (x-z), 
the (y-z) plane being similar. The acoustic signal can be a 
series of pulses from a pinger in which a pulse time of arrival 
measurement is made, or it can be a modulated Continuous Wave 
(CW) carrier on which a phase difference measurement is made 
or a hybrid of these. In this latter case, the pulse is used 
for a course measurement and the phase is used to provide for 
high resolution (Ref. 3 and 9 ). This technique is limited to 
x and y offsets of approximately less than 30 percent of the 
water depth. 
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RANGE-BEARING 

A scheme that uses an extremely short baseline (approxi- 
mately X/3 in spacing) pulsed phase comparison technique to 
determine the relative bearing and a pulse time of arrival 
technique to determine range from a transponder or beacon is 
described in Reference 28 and 29, and is shown in figure 7. 

This scheme was designed for the transponder or beacon to be 
essentially in the same plane as the hydrophone array (e.g. 
relocation of buoys and etc.). It is possible to extend the 
technique to the measurement of depression angle as well as 
bearing angle by the addition of a fourth hydrophone in the 
plane of hydrophones 1 and 2 and "a" units directly below 
hydrophone 2 as shown in figure 7. The range accuracv here is 
the same as for the Range-Range/Long Baseline being 5 to 20H 
with a resolution of about 1M. The bearing accuracy is approx- 
imately +5° for relative bearings of less than about *45°; 
beyond uT® the resolution falls towards zero at 90° a s’ implied 
by the equation in the figure. 

Davies in Reference 12 refers to a range-bearing navigation 
system where a bearing accuracy of approximately tp.S degrees 
is achievable and based on this estimate conclude? that a 
Range-Bearing System has the most desired error distribution 
of several techniques considered. To the present author's 
knowledge, however, it is quite difficult to achieve bearing 
accuracies in order of +0.5 degrees with pulsed reference de- 
vices for ranges on the“order of 10NM. 


BEARING- BEARING 

Obviously if a satisfactory bearing can be taken on an 
acoustic reference device then bearings to two references at 
known locations will produce a position fix. This technique is 
mentioned in Reference 12 but has not been generally used in 
practice due to the difficulty in accurately determining bear- 
ing in a simple manner. 


RANGE-RANGE HYPERBOLIC 

This technique as described in previous literature known 
to the author has been limited to the case of position deter- 
mination in a single plane (Ref. 6 and 12). The basic hyper- 
bolic system described is an acoustic version of LORAN where 
if two (or pairs of) moored beacons transmit signals simulta- 
neously, the locus of equal time delays between receipt of the 
two signals is a hyperbola. Such a scheme is shown in figure 3 . 
Obviously, two intersecting hyperbolae obtained from two pairs 
of beacons are required to determine a position. This requires 
at least three beacons. The time drift and high power consump- 
tion problems associated with precision beacons are encountered 
here of course, but such a system can support an unlimited 
number of vehicles and they do not need to be synchronized to 
a master time base. Also ambiguities can be reduced by knowing 
which beacon signal was received first. 

This technique could be extended to three dimensional space 
by measuring at least three independent time delays (from 3 
independent pairs of beacons) and solving for the intersection 
of the three hyperboloids. An overdeterministic solution as 
was described in the Range -Range /Long Baseline section could 
be used in such a case. 
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DOPPLER SYSTEM 

Basically two types of doppler techniques have been des- 
cribed previously, first that in which a bottom moored CW 
beacon with a precisely known frequency transmits to an object 
which receives the signal; and, secondly that in which a pulsed 
sinusoidal signal is transmitted and reflected back to the same 
acoustic transducer and is used for dead reckoning - 

The first type of system is described in Reference 7 and 
31. This reference array consists of three bottom-moored CW 
beacons, each separated in frequency. The receiving vehicle 
derives its displacement information by integrating velocity 
that is obtained from the beacon signal doppler shift. Doppler 
frequency shift is given by 

f » f B * f D “ -f B (V/C) 

where fp is the doppler - shifted beacon frequency due to a 
vehicle velocity V (positive for increasing range rate), fg is 
the beacon frequency, and C is the speed of sound in the water. 
By determining the velocity and displacement components to each 
beacon, the positions of which are known, sufficient informa- 
tion is available to position an object in three dimensions. 

This tracking system was designed for displacement resolution 
of approximately 10 cm and data rates of 6Hz. The price paid 
for such high resolution is of course short life acoustic 
beacons due to continuous transmission (on the order 1 to 10 
days presently), complex receiving and detection equipment, and 
difficulty in initially determining the location of the beacons 
(array calibration). Also such a system does not provide an 
initial location at which one can start accumulating doppler 
shift information. 

The second scheme, active doppler, is described in Refer- 
ences 13 and 16 and is shown in figure 9. Here a special 
acoustic transducer transmits pulsed sinusoidal signals of known 
frequency at a depression angle of a fore, aft and in both di- 
rections athwart ships. Such an arrangement cancels out verti- 
cal velocity and provides two dimensional velocity and displace- 
ment information. In most cases the transmitted acoustic energy 
is reflected or scattered off the bottom, but can he scattered 
from volume inhomogeneities for deep water applications. 


PULSE-DOPPLER NAVIGATION 

Harquet, Porter and Spindel have proposed a scheme that 
combines the advantages of Range-Range/Long Baseline and the 
passive doppler techniques (Ref. in). It is estimated that an 
accuracy of 1-2 meters with a resolution of 10cm could be 
achieved over a local area of about 50 square NM in the open 
ocean. This system would employ tnree or more bottom moored 
acoustic reference beacons which would operate in both a 
continuous wave and pulsed mode. The array calibration and 
the initial vehicle position information (updated at the pulse 
rate) would be determined from pulse arrival times and between 
these, the position would be determined from doppler shifts of 
the continuous tone signals sampled at a high rate. 

The accuracy of pulse measurements is dependent on the 
pulse bandwidth and the signal-to-noise ratio in the receiver 
bandwidth which generally is considerably larger than the pulse 
bandwidth. Since the doppler system measures the frequency 
change of a continuous tone signal due to relative vehicle 
motion, the receiver bandwidth can be extremely narrow, thus 
greatly enhancing the signal-to-noise ratio. In fact, it is 
possible and desirable to use a tracking phase lock loop for 
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such an application so that relatively large doppler frequency 
shifts can be accomodated in a very narrow bandwidth. 
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AN EXPERIMENT TO DETERMINE THE REPEATABILITY 
OF AN 

ACOUSTIC RANGE-RANGE POSITIONING SYSTEM 


O.L. McKeown and R.M. Eaton 

Atlantic Oceanographic Laboratory 
Bedford Institute of Oceanography 
Dartmouth, Canada 


ABSTRACT 


An experiment was conducted to establish the repeatability of a 
long-baseline range-range acoustic positioning system. Precise-ranging 
radar transponders were located at geodetic stations on two Islands and six 
acoustic transponders were moored 12 to 20 km offshore at depths of 3S6 to 
2461 m. Sound speed profiles were measured and harmonic mean sound speeds 
with straight line ray path were used to convert measured acoustic travel 
times to slant distances from ship to acoustic transponders. The acoustic 
transponder array coordinates were determined by an Iterative least squares 
fitting process, and checked by Cloverleef depth and Baseline Crossing 
maneuvers. Approximately r ' n 0 simultaneous acoustic and radar fixes of 
ship's position were obtat J. The acoustic array was translated and 
rotated un,.11 selected acoustic fixes of ship's position corresponded to 
radar fixes obtained simultaneously. Differences between acoustic and 
radar ship's position were computed for 2900 fixes uniformly distributed 
over the acoustic transponder array Including fixes on or near baselines. 
Circular Error Probable (CEP) radii, a measure of repeatability, were 11.2, 
8.6, and 7.2 m for 2, 3, and 4 acoustic transponder buoy (ATB) fixes respec- 
tively. For all fixes. Irrespective cf the number of ATBs Interrogated, 
the CEP was 9.0 m. 


INTRODUCTION 

In situations where a high degree of accuracy and repeatability of 
surface ship positions Is required, acoustic positioning systems utilizing 
ocean floor acoustic markers are consonly used. These may taka the form of 
a short baseline system with a single acoustic source on the bottom and a 
hydrophone array on the ship, or a long baseline system utilizing several 
bottom markers and a single hydrophone on the ship being positioned. The 
latter accomplishes the positioning task by measuring the ranges from ship 
to acoustic sources, hence, it Is a range-range type system. From theoret- 
ical considerations, this configuration has been shown to be the most accu- 
rate for area type surveys while the short baseline systems are more 
suitable for locating the vessel over a reference point (Fain, 1969). 

In order to effectively utilize an array of acoustic bottom markers 
to position a surface vessel. It Is necessary to know system repeatability. 
Positioning errors are the result of a number ^f factors: sound velocity or 
refraction effects, bottom marker survey errors, Instrunental errors, ambient 
acoustic noise, and fix geometry. While several attempts have been made to 
assess the errors theoretically (Fain, 1969> Campbell, 1970; Davies. 1972). 
only Korbel (1972) has included the effects of all these error sources. 

Moored et al. (1972) have utilized 10RAC, an accurate surface positioning 
system, to determine transponder array survey errors. They conclude that. 
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using appropriate algorithms, acoustic bottom marker horizontal positions 
can be found with an error of ±7 m and depth to within ±3 m. 

T he purpose of the experiment described hertln was to determine the 
repeatability of surface positions found with respect to an acoustic array 
on the ocean floor. Included In the overall error are the effects of all 
the above noted sources. The specifications for repeatability derived Indi- 
cate how well a surface vessel can be positioned throughout the coverege 
area provided by an acoustic transponder array when survey methods and ship 
position algoritluns described are used In conjunction with the particular 
hardware employed In this experiment. 


RADAR TRANSPONDER POSITIONING SYSTEM 

A Motorola Range Positioning System (RPS) X-band transponder was 
mounted on each of two geodetic stations on small Islands off Cennousn 
Island at the north end of the 6renad1nes (Figure 1). These stations were 
63 m and 41 m above mean sea level with a baseline length of 19 627. S m. 

The radar scanner on the ship was 14 m above mean sea level. The assumption 
that the slant ranges corresponded to horizontal ranges In the following 
computations causes a maximum range error of 0.1 m. Slant ranges from ship 
to radar transponders varied from 12 700 m to 22 300 m over the working area. 
The RPS was calibrated against a Tell urometer over a distance of 19 618 m 
prior to the experiment. Aboard ship, RPS ranges were checked against 
Hydrodlst during the course of the experiment. 

The radar transponders were Interrogated via a rotating antenna and 
ranges digitized by the Range Console of the Motorola Range Pos1t1on1n k Sys- 
tem for recording In binary coded decimal (BCD) format. The plot of ship's 
movement from radar ranges was used to monitor the quality of the RPS data. 


ACOUSTIC TRANSPONDER POSITIONING SYSTEM 

Six Acoustic -ansponder Buoys (ATBs) Incorporating American Machine 
and Foundry (AMF) Model 322 acoustic transponders were moored at depths 
ranging from 356 « to 2461 m In the configuration Illustrated In Figure 1. 
Acoustic slant ranges were measured and digitized »«erd ship utilizing a 
hull-mounted transducer, an AMF power amplifier and coder, and an AMF four- 
channel Model 205 Navigation Receiver (Figure 2). The acoustic transponders 
were Interrogated on a comon frequency or 11 kHz and replied at unique fre- 
quencies of 9 to 13 kHz to permit Identification. Four different reply fre- 
quencies were used and transponders with comon reply frequencies were placed 
on opposite sides of the array. In this way the receiving system could be 
made to record a maximum of four acoustic slant ranges available cn each 
Interrogation. For each fix, time, acoustic slant ranges, and radar slant 
ranges were recorded on punched paper tape for computer analysis. Ship's 
head was recorded as a function of time on an analogue chart recorder and 
ship's speed was noted periodically. The fcjr digital slant ranges were 
inverted to equivalent analogue voltages and displayed on chart recorders 
to monitor the quality of the acoustic data. 


REFRACTION EFFECTS 

Sound spead as a function of depth was measured at two locations 
within the acoustic transponder array using an NUS Model 1000-005 veloct- 
meter. For travel times out to the equivalent of 6000 m, true slant range 
computed bv Snell's law was comp <ed with that determine 1 by assuring that 
rays travel In a straight line between acoustic transponder and ship at a 
spMd equal to the harmonic mean sound speed (Maul. 1970) which Is accurate 
only for vertical paths. The greatest discrepancy between the two for this 
experimental situation was 6.3 metres at a slant range of 3500 m for ATB-3. 

*5* °* cwPHfdd harmonic mean sound speed was higher than 

the optimum value required to minimize refraction effects. In most acoustic 
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positioning work dona at tho Bedford Institute. a snail on-line coapoter is 
used, mking exact refraction corrections taprecticat. Therefore, it nos 
decided that systen repeatability mnM he de t ernlned asswing rays travel 
In straight lines at the haraonic eem sound speed. 


ACOUSTIC TRANSPONDER ARRAY COORDINATES 

The coordinates of each acoastic transponder position nera fawd by 
a least squares fitting technique described in detail elsenhere (McKeoun. 
1974). Briefly, the nethod ms as folios: 

1. Slant ranges to all passible MBs nere neasnred slnultaneously free 
several different surface positions; 

2. ATB depths and baselines nere adjusted by an iterative least squares 
process to niniaize differences between n easn red and calculated slant 
range fron each ship position to each transponder to produce the 
'acoustic' array coordinates; 

3. Independently, 'radar* coordinates of each ATB ware found by neasur- 
ing the slant now to it fron several different locations whose 
positions were defined by the radar positioning systen and adjusting 
trans p onder northing, easting and depth to niniaize the calculated 
slant range error to each known interrogation position; 

4. Finally, the ‘acoustic* array coordinates were rotated and translated 
to best fit the 'radar' coordinates of each ATB. 

In this particular expert went slant ranges to only four of the six 
ATBs could be neasured slnultaneously. To establish 'acoustic' coordinates 
of the six transponder acoustic array, *11 possible andrinetions of three 
and faur ATB arrays nera interrogated and baseline lengths, that is. hori- 
zontal separation hetman acoustic transponder pairs, and depths determined 
by the Iterative nethod. Approximately 30 ship positions were used for each 
group of three or four ATBs. The Mxiauo root neon square slant range error 
was less than 3 a for any set of throe or four ATBs. The arithnetic man 
of each baseline length and depth ms then found to establish the 'acoustic' 
array coordinates. As an Independent check on this technique, Peterson (1973) 
adjusted the raw data using a nethod developed to adjust Aerodist geodetic 
trl late ration observations and produced virtually identical array coordinates. 
He estl nates the errors in baseline lengtis to be one port in 2000 and errors 
in the northing, easting and depth .f each ATB to be less than *3 n. Final 
ATB coordinates used in the amputations ora given in Table 1. The coor- 
dinate systen origin ms chosen to ensure that all ship positions were 
contained fn the first quadrant. 


Table 1 

RADAR NR) ACOUSTIC TRANSPONDER STATION COORDINATES 


Station 

Northing 

(•> 

Easting 

(a) 

Depth 

(a) 

RPS-1 

2028 

9843 

0 

RPS-2 

16573 

23023 

0 

AT8-1 

19170 

6832 

1664 

ATB-2 

22067 

4935 

2461 

ATB-3 

2290S 

8124 

2293 

ATB-5 

17132 

10396 

356 

ATB -6 

16595 

4632 

1704 

ATB-7 

20315 

9638 

1345 
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Only ATB-3 showed a narked difference between true slant range and 
that determined by the hannonlc mean sound speed approximation to Snell 's 
Law. To investigate the error this Introduces, the harmonic mean sound 
speed used for ATB-3 was reduced by 2 m/s ana acoustic transponder positions 
recalculated. This did not alter any of the coordinates associated with 
ATB-3. 


Between transmission and reception of acoustic signals from the 
transponders, the ship moved a significant distance. Although all computa- 
tions were carried out after correcting weasui.-d acoustic travel times from 
shin to ATB for snvement of thi ship during M • interrogation, one three- 
transponder array coordinate set was recompute, without correction for ship 
movement. There was no difference in baseline lengths and transponder depths 
between the two at ship speeds up to 6 knots. 

All ATP depths were checked by the Cloverleaf method (IcKeown. 19/4). 
The maximum di Terence between mean depth by least squares analysis and by 
Cloverleaf was 14 m In 1345 m for ATB-7. Baseline lengths were measured 
using the Baseline Crossing method (McKeown. 1974). The maximum difference 
between the mean length by least squares analysis and by Baseline Crossing 
was 24 m in 3030 m for baseline ATB 1-7. An error In measuring depth by 
Cloverleaf will cause an error In determining baseline length by the Baseline 
Crossing method. Ship positions found relative to ATB-7 (using coordinates 
determined by iterative method) did not show any anomalous errors. When 
baseline crossing data was re-computed using depths by the least squares 
method, the discrepancy In baseline length ATB1-7 was reduced to 5 m. There- 
fore, It appears that ATB-7 depth by Cloverleaf is In error. 


COMPARISON OF ACOUSTIC AND RPS SHIP POSITIONS 

The ship was maneuvered in the vicinity of the acoustfc transponder 
array out to the limits of a two-transponder fix on any pair of ATBs at 
speeds of 4 to 6 knots. A total of 9500 simultaneous acoustic and radar 
fixes were obtained at an interrogation period of 10 seconds. Of these fixes, 
7200 or 76X were considered 'good', that is, the ship’s position could be 
determined by both techniques. A significant portion of these fixes occurred 
on or near an acoustic transponder baseline where the fix error Is expected 
to be high (Korbel, 1972) but were Included In the analysis as they are 
representative of conditions one would meet In a practical positioning pro- 
blem. A preliminary analysis of all 7200 'good' fixes was conducted but 
the results described below concern only the analysis of a representative 
2900 'good' fixes. This Is still a far larger set than was used to adjust 
the 'acoustic' coordinates to 'radar' coordinates as described in step 4 
of the Acoustic Transponder Array Coordinates section. 

All acoustic fixes were corrected for ship's movement during the 
Interrogation using a ship's speed and course estimated from a one-minute 
average (6 fixes) of the radar fixes, although similar Information could have 
been obtained by digitizing the shin's head ard speed records. For a small 
sample of data, the actual ship's gyro heading and log were digitized by 
hand and used to correct the acoustic slant ranges for ship movement during 
a fix. No appreciable difference was noted between the two correction methods. 
Significantly poorer positioning repeatability occurred when correction for 
ship's movement was omitted. All fixes were corrected for offset between the 
shipboard acoustic transducer and radar scanner. 

Repeatability of the acoustic positioning system was evaluated In 
terms of Circular Error Probable (HacTeggart, 1972) defined as follows. 

let x. • (easting of acoustic) - (easting of radar ship position 1) 
after transducer offset correction 

y, » (northing of acoustic) - (northing of radar ship position i) 
after transducer offset correction 
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Then mean bias errors are 



where h « number of fixes in the set. 


All future derivations will be about this mean bias, the residual 
errors being defined as follows: 


Xj' * Xj - x 


y^ “J|-> 


(3) 

(«) 


Defining the scalar product 
h 

<*,» b i> * I «i ‘ •>, 

and the obvarlance matrix Q* 


Q' 


(°« ' ) 2 


yx 


xy 

K ’) ! 


(5) 


■1 


<*i» x i> <v 


<y<» *t> <y,. y*> 


(6) 


then the eigenvalues of O' are the semi-major and semi-minor axis of the 
one-sigma probability contour or standard error ellipse. The data Is 
correlated about these axes with a correlation factor 


JJL 


o • a 

* y 


To find these elgnevalues. O' is diagonalized to obtain 


O' 


t*«J* 0 

0 (» y ) 2 


(7) 


( 8 ) 


which Is accomplished by setting 
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(oj,) 2 • (V) 2 C0$J9 * ( 8 y ') 2 s,n2e * °xy' slB9 c0$e W 

(«j) 2 * stn 2 e + (o y ’) 2 eos 2 e ♦ 0j(y ' sine cose (10) 


where e H the angle Measured clockwise from north required to rotate the 
northing-easting coordinate system Into the system whose axes, o and e . 
are the seal -axes of the one-stgaa probability contour ellipse. ’ 
This angle e Is given by 


is tan 2» 



(ID 


The Circular Error Probable (CEP), a circle about the mean enclosing 
SOX of the Measurements, has a radius: 

CEP radius * 0.69 (o ♦ o ) (12) 

* y 


These computations were performed separately for acoustic fixes 
relative to 2, 3 and 4 acoustic transponders, these sets being completely 
exclusive and not subsets, and for all fixes Irrespective of the nunber of 
ATBs interrogated. The results are s inherited in Table 2 and one-sigma 
e rror ellipses a nd CEP circles plotted In Figure 3. Histograms of 
4X,')* ♦ (y, 1 ^ In one-metre Increments are Illustrated In Figure 4. These 

histograms were subject to minor rounding errors during the computational 
process. The results Include fixes on or near ATB baselines. 

Table 2 

SHIP'S POSITION ERROR ANALYSIS SUHARY 


Type of Fix 

2 ATBs 

3 ATBs 

4 ATBS 

All Fixes 

No. of fixes 

759 

1153 

1002 

2914 

Mean northing (m) 

2.9 

1.1 

1.9 

1.8 

Mean easting (m) 

-0.8 

0.4 

2.4 

0.8 

Correlation p 

0.112 

-0.066 

0.084 

0.036 

Error Ellipse 
Hajor Axis (m) 

21.1 

17.1 

15.2 

17.4 

Error Ellipse 
Hlnor Axis (m) 

18.9 

14.1 

12.0 

15.4 

CEP radius (m) 

11.8 

9.2 

8.0 

9.7 


There was some scatter In tha radar range readings. Furthermore, 
the radar system Interrogated each radar transponder at the Instant the 
scanner was directed toward It. Since this Interrogation was uncorrelated 
with the time of tha acoustic fix, there Is a further random error contribu- 
tion. The overall RPS repeatability under these clrcunstances was about 
3.6 m (SOX probability). Therefore, the CEP radii for 2, 3, 4, and all ATB 
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fixes after elimination of radar fix scatter became 11.2 m. 8.S m, 7.2 m, 
and 9.0 m respectively. 

The improvement in repeatability achieved by increasing the nuafcer 
of ATB* successfully interrogated is readily apparent. Computations Indi- 
cated that there was no correlation between the acoustic transponders inter- 
rogated and the magnitude of the discrepancy between acoustic and radar 
positions of the ship. 

In the above computations. It was assumed that acoustic rays 
travelled in straight lines at an appropriate constant spaed. To test the 
validity of this assumption the Integrated ship's tracks over a period of 
11 hours as determined acoustically and by radar were compared for 2. 3, 
and 4 acoustic transponder fixes. The ratios of acoustic to radar distances 
were 1.0095. 1.0032 and 1.0008 respectively. The acoustic fixes exhibited 
a poorer repeatability than the radar fixes. By Integrating ship's track 
between successive fixes, it was to be expected that the scatter In acoustic 
ship's position would lead to a greater distance travelled than that deter- 
mined by radar fixes. As more acoustic transponders were successfully 
interrogated scatter was decreased. As shown above, the Integrated ship’s 
track for four ATB fixes was virtually the same as the equivalent ship's 
track from radar fixes. This indicates that there is no scale effect intro- 
duced by applying the approximations to a true refraction correction of 
acoustic slant ranges. 


CONCLUSION 

If the following acoustic positioning procedure is adopted, repeata- 
bility CEP radii of 2. 3. and 4 ATB fixes will be 11.2. 8.5. and 7.2 m res- 
pectively, and for any successful acoustic fix Irrespective of the number 
of acoustic transponders Interrogated CEP will be 9.0 m: 

1. Convert measured travel times to slant range by assuming an 
appropriate harmonic mean sound speed computed from a measured 
sound speed profile and straight line ray path between ship and 
acoustic transponder; 

2. Establish transponder depths and baseline lengths by an iterative 
least squares fitting process; 

3. Correct measured slant ranges for ship movement during the 
interrogation. 

This repeatability applies to the entire coverage area irrespective of 
proximity to ATBs or ATB baselines for acoustic transponders moored at depths 
from 356 to 2461 m. 
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Figure 1: Rader transponder stations (RPS) and acoustic transponder buoy 
(ATS) locations off Cannooan Island, west Indies. 
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Figure 2: Block diagram of shipboard acoustic and radar data acquisition 
system. 
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c) 4 ATB FIXES 0) ALL ATB FIXES 


Figure 3: Circular Error Probable (CEP) and One Sigma Probability Contours 
for two. three, four ATB 'good' fixes and all 2900 'good' ship's 
positions. 
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% 



METRES 


d) 2 ATB FIXES 


% 



METRES 

b) 3 ATB FIXES 



c) 4 ATB FIXES 



METRES 

d) ALL ATB FIXES 


Figure 4: Histograms of ✓(*,')* + In one-metre Increments as percent 

of total fixes In'each category for two, three, four ATB 'good' 
fixes and all 2900 'good' ship positions. 
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MARINE AND COASTAL 8B0DE8T AND SEA LEVEL RESEARCHES 


Bugemie Llsitslm 
Helsinki, Finland 


Abstract: During the Firet Marine Geodesy Symposium In 1967 a 
paper was presented by the author on a world-side aaaa sea 
level and Its relationship to aarlne geodesy. This paper gave 
none nuaerloal Information about the aean sea level in separate 
ooeans. As a rule, these data coincided well with the results 
for geodetic precise levelling in all oases where these results 
were available. There are, however, alee cases where the oon- 
foraity between the results aehleved by the two different me- 
thods are rather inconsistent. 

The first of these eases refers to the Atlantic ooast of 
the United States. According to preoise levelling the aean 
sea level along this coast increases continuously froa south 
to north. This increase In aean sea level Is In dlsagreeaent 
with the reauireaent of the observed flew of the Sulf Streaa. 
Also along the Pacific coast of the United States there is a 
lack of oonforalty between the geodetic and the ooeano graphic 
results concerning the coastal slope of the water surfaoe. 

A farther instanoe of non-oonformlty between data few pre- 
cise levelling and results based on sea level reeords concerns 
the rate of the vertical aoveaents of the earth's oruet in 
coastal areas in Denmark. 


COLLABORATION BETwcEN MARINE SE0DE3Y AND SBA LEVEL STUDIES. 

The close relationship between geodetic neasureaents and 
soae aspeots of ooeanographio and sea level researches was 
noted years ago. The two branches of geo-sciences effectively 
assist one another in numerous oases where, left alone, they 
might be wore or less handloapped. Especially in connection 
with problems where geodetic preoise levelling confirms the 
results aahleved by sea level studies and vice versa the coin- 
cidence aay be significant for the developaent of the two sol- 
enoss. It is always a pleasure and an enoourageaent for a aea 
level student to note the cases where the results are at least 
in approximate conformity with the data aehleved by geodetic 
neasureaents. In this connection it may be appropriate to 
mention an interesting exaaple illustrating what has been said 
above. According to eo-oalled dynaaio computations based on a 
considerable number of ooeanographio data the fnolfio Ocean, 
as a whole, stands 72 cm higher than the Atlantic Ocean. The 
resulte of a first order levelling performed in the United 
States bv Braaten and HcCoabs show that the difference in aean 
sea level heights is between Neah Bay (Washington) and Portland 
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(Koine) 71 on, between San Franc'eoe (California) and Atlantic 
City (Hew Jersey) 60 on, and, finally, between San Diego (Cali- 
fornia) and Fernandina (Florida) 65 on, thus resulting in an 
average value of 65 on. The deviation of 7 cm between the 
ooeanographio and the geodetlo results is easily aeoounted for, 
if we take Into consideration the faot that the average sea 
level is generally higher in the weatem parte of the ooeane 
than in their eastern parts, and the geodetlo data for the At- 
lantic coast thus give values which are soaewhat too high, for 
the Faolfio coast, on the other hand, the values are too low, 
when ooapared with the aean conditions in the two oceans. 

In this connection it nay be of interest to refer shortly 
to a detail which nay beoone significant for the continued de- 
velopment of the problea of dete 'mining the mean sea level In 
the oceans. Branten and HoCoabs have chosen Portland as the 
point of ooaparison for the aean sea level along the entire 
coasts of the United States. Fully unaware of this way of pro- 
ceeding the author of this paper has suggested that Portland 
could be ohosen aa starting point for all determinations of 
aean sea level in the oceans and seas, since the average sea 
level at this locality seeas to correspond fairly well to the 
aean sea level in the whole water covered area, nevertheless, 
it oust be pointed out in this connection that the above sug- 
gestion is a preliminary one, slnoe all the deterainations of 
aean sea level are so far only approximate, and may change in 
the future when more aeourate data are available. 

It has already been mentioned above that the correspond- 
ence between geodetic and ooeanographio results is always high- 
ly encouraging. However, the concerned scientists are also 
freftuenly confronted with eases, where the conformity between 
the results achieved on the basis of geodetlo measurements, on 
the one hand, and those reached with the help of oceanographic 
and sea level data, on the other hand, is rather inconsistent. 


TUB ATLANTIC C0A3T OF THB UNITED STATES. 

The first of these embarrassing eases concerns the Atlantic 
coat of the United States. According to preolse levelling per- 
formed by Braaten and McCombs and already referred to above the 
mean sea level along this coast increases continuously from the 
south to the north. The total rise from Key West (Florida) to 
Portland has been determined at 58 om. In this connection it 
may be emphasised that the lnorease in aean sea level has by 
some oceanographers been ascribed to the withdrawal of the Qulf 
Stream from the immediate vicinity of the coast and the occur- 
rence of a counter-current between the Oulf Stream and the 
coast. This oounter-ourrent is more powerful in the north and 
thus the effect of Coriolis parameter le alee more pronounced, 
resulting in higher values of aean tea level. On the other hand, 
interesting results on mean sea level and the slope of the water 
surface have been given by Sturges, she in his study paid speci- 
al attention to the topography of the sea surfaoe in the 3ulf 
Stream area between Bermuda and the east ooast of the United 
States. The problem has been approached by Sturges in two dif- 
ferent waya. In one ease, ship's drift observations were uti- 
lised for the determination, considering the effect of the wind. 
The difference in sea level was found to bs 110 cm. In the other 
cate, the difference in see level heights aoross the Oulf Stream 
was computed by Sturges fros ooeanographio data and estimates of 
deep water flow. After application of some cor-ections this me- 
thod gave 1 00 cm relative to the 2000 decibar surface. The agree- 
ment between the two results is fairly satisfactory. Starting 
from these data Sturges has discussed the slops cf the water sur- 
face along the Atlantlo ooast of the United States and has been 
sble to establish that the lnorease in sea level from south to 
north achieved by precise levelling is in disagreement with the 
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requirements of the observed flow of tha Oulf *ea*. Ttaua the 
problea baa not been eolved eo far and require* Iditional 
atudiee. 


THZ PACIFIC COAST OP THE UNITED STATES. 

Concerning the Paoifio coaat of the United State* the 
problea of the character of the elope of the water surface la 
still unsolved, too. Preoiee levelling results in an inorease 
of lean sea level froa south to north, aaounting froa San Diego 
to He ah Bay to 46 oa. For the tide gauge etations which are 
situated to the north of San Praneisoo this inorease is very 
pronounced, however. Sverdrup has already pointed out that the 
result "is based oa records of sea level at the south of the 
Coluabia river (Fort Stewens) where the outflow of fresh water 
aay account for the higher sea level, and further to the north, 
on reeords of eea level at great distances fron the open coast. 
The rise towards the north is the -e fore not well established". 
In addition, significant results on asan sea level and the 
slope of the water surface in the area off the Paoifio ooast of 
the United States have been given by Sturgee, Sturges' c Depu- 
tations , which are based on oeeanographio data relative to the 
1000 decibar surface, have suggested that the marked inorease 
in aean sea level froa San Diego to Heah Bay is non-existent. 

To the contrary, aean sea level has been found by Sturges to be 
at Neah Bay 9 oa lower than at San Diego. Sturges has, more- 
over, emphasised that aooording to a careful exaalnation the 
1000 deolbar surface is sufficiently level as reference surface 
along the ooast. It aay also be pointed out that the departure 
of 9 oa in aean sea level height deterained on the basis of dy- 
naalo ooaputations is consistent with the effect of the changes 
in latitude as the Californian current flows southward. The 
decrease in aean sea level deterained by Sturges is also in 
better agreement with the general picture of the distribution 
of aean sea level heights in the eastern parts of the Paoifio 
Ocean. 

The discrepancy between the geodetio ooh the oeeanographio 
results auat probably be mainly sought in the deviating approa- 
ches to the problea of the determination of the slope of the 
water surfaoe along the coasts. Seodeslsts are principally 
landbound. They ooapare their results with benob marks on land 
and the mean sea level at a specific locality is of decisive 
significance. For oceanographers the water covered area is, 
self-evidently, the most laportant. They approach the ooast 
fron this direction. Being keen to reaoh more general results, 
they are less interested in the conditions characteristic of 
special plaoes which nay be effected by markedly local meteoro- 
logical or hydrographic factors. Nevertheless, the question of 
the oauses for the devlstlons should never be disregarded and 
every effort should be made to explain the occurrence of these 
deviations. 


VERTICAL MOUVEMENTS OP THE EARTH'S CRUST. 

A problem in the solving of whioh geodesists and sea level 
researon workers have already been collaborating for a prolong- 
ed tiaw is the vertioal movement of the earth's crust along the 
coasts, owing to the character of the phenomenon this is a 
problea which more closely concerns the geodesists, but it can- 
not be denied that the most adequate way in approaching and 
solving this problem Is by means of sea level data. There are 
numerous coastal arwas for which the correspondence between the 
geodetieally determined rates for land uplift and the results 
based on sea level reeords agree satisfactorily and within the 
limits of the mean deviations determined for the particular 


:n 



LI Bits In 


rates. One of these regions is the Finnish coastal area. Un- 
fortunately, within the aauatory of the Baltic Sea and its 
approaches to the Horth Sea, the Danish Straits, there is also 
an area where the agreeaent between the data achieved in two 
different ways is not consistent. To be sure, for the Danish 
stations Hornbaek and Korsflr the coincidence between the rates 
deterained by Beans of preoise levelling and those ooaputed 
with the help of sea level records by Rossiter was fairly sa- 
tisfactory. On the other hand, the results of Rossiter for 
Uedaer and Copenhagen did not agree with the geodetlo values, 
at least not as well as night be expeoted from the estimate 
of auouraoy. According to Rossiter there was at Oedser a land 
subsidence amounting to 1.04 cm per year, while the geodetio 
levelling resulted in a land subsidence of 0.23 cm per year on- 
ly. For Copenhagen the rates were a subsidence of 0.23 cm per 
year according to Rossiter and a land noli ft of 0.44 cm per 
year according to precise levelling. Since the rates are nume- 
rically rather weak, the discrepancy cay not seem to be parti- 
cularly significant, but it must be borne in mind that on the 
long run the deviations tend to become pronounced. Since the 
effect of the meteorological contribution has been eliminated 
by Rossiter, the discrepancy should be sought in oceanographic 
factors, mainly in the disturbing influence of eurrents. 
Therefore, Borr* has made an attempt to investigate the records 
of the tide gauges more eJ osely in <. .der to get an idea of the 
reliability of these data for the purpose in question. Since a 
strong correlation seems to exist between the surface current at 
the lightship Drogden and the differences of mean sea level at 
the two stations, this factor was utilised for the determination 
of the sea level at these stations in cases where there was no 
surface current at Drogden. Moreover, a correction was applied 
in order to eliminate the effect of the principal meterologlcal 
factors, and the data thus corrected were used for the determin- 
ation of the vertical movement of the earth's crust. Unfortun- 
ately, this way of proceeding could not provide a final answer 
to the oueation. In this connection it a- *t always be kept in 
rind that the configuration of the Danish Straits is rather 
complex, and it is therefore difficult to construct a model 
which would correspond to the natural conditions. In addition, 
the effect of salinity should be considered before drawing more 
general conclusions. Sinoe the problem of the water transport 
through the transition area around Denmark is at the present 
time highly significant, mainly in connection with the studies 
of the water renewal in the Baltic S*a basin, it may be anti- 
cipated that these researches will also contribute to the solv- 
ing of the question of the disagreement of the rates charamter- 
lstlc of the vertical movements of the earth's crust determined 
by two different methods. Preliminary studies have already 
indicated that a close relationship exists between the configur- 
ation of the water surfaoe in the transition area around Den- 
mark and the variations of the mean sea level in the Baltic Sea 
during periods covering a month. 

With these few instances above I have tried to give a con- 
ception of the present situation arising from the collaboration 
between geodesists and ooeanographers. 
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plate tectonics, sea floor spreading and continental drift 


Robert S. Dietz 
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Miami, Plorida 33149 


ABSTRACT 

Plate tectonics, based upon sea floor spreading, transform 
faulting and lithosphere subduct ion, provides a revolutionary 
new model for geotectonics. Although the mechanism of plate 
motion remains obscure, the general concept seems now firmly 
established. It is of prime importance to marine geodesy, 
especially as the plate boundaries virtually all are located 
beneath the deep ocean. It also opens a new approach to under- 
standing the geoid. Me can anticipate that future precise tri- 
angulation in the future will quantify relative plate motions. 

Modern rates of sea floor spreading suggest that an area 
equivalent to the modern ocean floors can be generated in 
ISOxlO 6 years, or since mid-Jurassic. Thus the ocean floor is 
young, and ocean basins expand and collapse, while the conti- 
nents remain as the earth's old features. 

This paper reviews plate tectonics, especially as applia . 
to continental drift, and traces the displacement of the conti- 
nental platforms over the past 200 million years. Some emphasis 
is placed on “hot spots* as these mantle plumes may well provide 
a key to the absolute drift of continents with respect to the 
earth spin axis. Attention is also given to the reconstruction 
of Pangaea based upon the jigsaw fit of modern continents around 
the Atlantic and Pacific oceans. 

Some aspects of plate tectonics which are of specific inter- 
est to marine geodesy are the following. (1) Are the plates 
truly rigid caps on the globe or are they somewhat plastic? 

Roper has recently suggested that the plates are sufficiently 
plastic to permit a closing of the Atlantic Ocean in which South 
America is congruent with the Gulf of Mexico while Africa fits 
against eastern North America. Such a fit is prohibited under 
rigid plate tectonics followed in the reconstruction by Bullard. 
(2) Are the low-harmonic undulations in the geoid due to con- 
vection cells (Runcorn) or to mantle plumes (Morgan)? (3) Is 
the astheno8phere irregular so that many aspects of vertical 
tectonics are the consequence of the lithosphere riding ovei a 
bumpy asthenosphere (Menard)? (4) Are the mantle plumes fixed, 
approximately so, or drifting? If drifting, is this due to the 
drift of the deep mantle? Is the deep mantle or any other realm 
of the earth fixed relative to the earth's spin axis? (5) What 
makes the plates go? Are they being pushed, pulled down, gravi- 
tationally sliding, carried by classical convection cells, some 
special type of convection pattern, or by asthenosphere flows 
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associated with plumes. (6) A recent claim by Bird et al. sug- 
gests that josephenite xenoliths in ultrabasic rocks in Oregon 
may be iron the core-mantle interface, having been carried to 
the surface by plumes, is this possible? Is there a relation- 
ship between velocity of sea floor spreading, volwe of the 
ocean basin and sea level (Bona)? These are but a sampling of 
the many questions which remain to be resolved. 
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MAPPING PLATE BOUNDARIES 
WITH REFERENCE TO MEAN GRAVITY ANOMALIES 
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ABSTRACT 


A global chart showing plate boundaries as defined by the 
1° x 1° mean free air gravity anomaly holdings of the DOD 
Gravity Library has been compiled. The chart confirms and, in 
some cases, redefines the plate boundaries as now delineated 
from seismic and magnetic evidence. The gravity anomaly values 
have patterns suggesting that there are fossil or inactive 
subductlon zones bounding the south side of the Caribbean plate, 
and that there are major discontinuities in the subductlon zones 
of the Western Pacific. In this paper, a fairly detailed sur- 
face gravity anomaly field is used for the first time on a 
global scale as evidence for the theory of global tectonics. 


INTRODUCTION 

The well established theory of global tectonics depicts 
a dynamic earth in which a number of lithospheric plates are 
being transported over the earth's surface. The plate motion 
may or may not be systematic; however, the general magnitude 
and direction of motions are known. The mobile lithospheric 
plates and their boundaries probably are passive surficlal 
expressions of an active viscous flow system in the aestheno3- 
sphere . 

Plate boundaries are formed by zones of accretion, sub- 
ductlon, and faulting which correspond, respectively, to the 
rift system, trenches, and transform/transcurrent fault zones. 
These boundaries have been identified and mapped as linear 
zones of intense seismic activity (for example, Isacc3 and 
Oliver, 1968). Magnetic lineations also have been used to 
identify and delineate zones of accretion (for example. Vine, 
1968, Pitman et al., 1968, and LePIchon et al., 1968). The 
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plate boundaries as determined by seismic and magnetic data are 
shown on Plate I. 

A worldwide analysis of 1° x 1° mean free air gravity 
anomalies is used In this paper to define and delineate active 
and. In some cases, fossil plate boundaries. Biis work Is 
Intended to complement the seismic and magnetic approaches to 
plate bounds -y mapping. 


DATA AND METHODS 

Gravity Input to this study includes the l°xl° mean free 
air gravity anomalies published by the Defense Mapping Agency 
Aerospace Center (DMAAC, 1973). The mean anomaly values were 
predicted using conventional, statistical, and gravity correla- 
tion methods together with the extensive gravity data holdings 
of the DOD Gravity Library. 

The l° x 1° mean anomaly values were plotted and lsoanomaly 
contours were drawn by automatic equipment. The contoured mean 
anomaly field was analyzed to identify the positive and nega- 
tive gravity anomaly patterns indicative of plate boundaries. 

The trace of these patterns was plotted by automatic equipment 
on a base map of the world, Plate II, and delineates the gravl- 
metrlcally defined plate boundaries. 

In all, approximately 53,000 miles of plate boundaries have 
been so Identified. 


GRAVIMETRIC DEFINITION OF PLATE BOUNDARIES 

1. Trenches (Subductlon Zones): A narrow belt of Intensely 

negative gravity anomalies follows and marks the location of the 
active trenches as shown on Plate II. The negative belt 
typically Is flanked on both sides by belts of positive gravity 
anomalies. The stronger of the positive belts, located on the 
landward side of the trench, is generated by the relatively 
dense oceanic lithospheric slab being downthrusted under a less 
dense continental lithospheric plate (Kaula, 1972b). The 
negative gravity anomaly belt la associated with the low velocity 
(low density) region Just above the down thrusted elate 
(Jacoby, 1972). The cause for the weaker seaward belt of 
positive gravity anomalies is less clear. The two belts of 
positive anomalies which parallel the negative expression 
dominate the regional gravity anomaly pattern and, hence, most 
global gravity representations show broad gravity highs in the 
vicinity of the active subductlon zones (Talwanl and Watts, 

1972). 

The narrow negative gravity anomaly belts are used In this 
study to delineate the subductlon zone plate boundaries. The 
degree of intensity of the negative belts Is subdivided Into 
Intensely negative, moderately negative and slightly negative to 
give a gravimetric measure of the level of activity in the sub- 
ductlon zone. 

A currently active subductlon zone must be characterized 
by both seismic activity and a negative gravity belt. A fossil 
(or, at least, dormant) subductlon zone should be characterized 
by a negative gravity anomaly belt with little or no seismic 
activity. Activity In such zones ceased not more than 
3 x 10* to 10* years ago— this time span Is the decay time of 
the earth to Pleistocene glaciation. Major features In the 
gravitational field do not persist for longer periods unless 
they are dynamically supported (Kaula, 1972a). A belt of seismic 
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activity not having a corresponding gravity low suggests a very 
recent initiation of subductlon activity. 

2. Zones of Accretion (rift system): The 1° x 1° mean 

free air anomalies in the eastern Pacific Ocean define a 
regional decrease from 15 to 110 mllllgals on the rise crest 
down to about -15 mllllgals for a crustal age of about 25 
million years (Woollard and Daugherty, 1973: Woollard, 1973). 

A similar regional positive has been noted over the mid-ocean 
ridge in the North Atlantic Ocean by the authors. Since large 
positive anomaly areas are located over most of the active 
ocean rises on global gravity representations (Kaula, 1972b), 
it is likely that all active zones of accretion are marked by 
a positive regional expression In the 1° x 1° mean gravity 
field. In some cases, such as the Red Sea rift, large local 
variations in the gravity field mask the regional field such 
that the normal regional positive expression is not identifiable. 
The regional positive which marks the ridges is due to a combi- 
nation of Isostatic effects and regional changes In crust and 
upper mantle structure (Woollard and Daugherty , 1973; Woollard, 
1973) - The regionally positive gravity anomaly belts are used 
In this study to delineate the accretion plate boundaries In 
areas where sufficient gravity data is available to support 

the analyses. 

3. Transform/Transcurrent Faults: The gravitational 

expression of transform faults is complex. Abrupt changes in 
the regional gravity level sometimes occur when such faults are 
crossed. Local effects due to topographic and structural 
changes are superimposed on and sometimes mask the regional 
changes. Although no fault boundaries are gravlmetrlcally 
Identified in this study, there is a good possibility that at 
least some transform fault boundaries can be delineated using 
gravimetric analysis. 


DISCUSSION OF GRAVITY DEFINED PLATE BOUNDARIES 

The subductlon zones are the most easily recognized type 
of gravity-defined plate boundary. The greatest concentration 
of such zones Is found in the Pacific Ocean; these are dis- 
cussed in counter-clockwise order beginning with the Peru-Chile 
trench, Plate II. 

The southernmost portion of the Peru-Chile trench, extend- 
ing about 5° northward from Its Junction with the Chile rise, 
is marked by a linear belt of slightly negative 1° x 1° mean 
free air anomalies (NFAA). The central portion of this trench 
is characterized by an Intensely negative anomaly belt. Be- 
tween 38°S and 5°N, the mean anomalies fluctuate In value be- 
tween slightly and Intensely negative along the trench. The 
northern terminus of the negative anomaly belt is the small 
Panama plate, 5°N, 78°W. 

A slightly negative gravity anomaly belt, such as that 
which occurs at the southern end of the Peru-Chile trench, 
typically is found at the extremeties of most of the subductlon 
zones in the Pacific Ocean. These belts of slightly negative 
KPAA values may signify a recent lengthening or shortening or 
the subductlon zones. The existence of some seismic events in 
the region suggests that the Peru-Chile trench may be lengthen- 
ing toward the south. 

The intensely negative gravity anomaly belt along the 
central portion of the Peru-Chile trench corresponds to a belt 
of intense seismic activity and indicates a region of maximum 
plate subductlon. 
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The lack of a negative gravity belt between Buenaventura, 
Colombia, and the Costa Rlca-Nlcaragua Border corresponds to 
a similar break In seismic activity and shows that the Hid 
America and Peru-Chlle trench systems are not continuous. 

Due to the proximity of the North American land mass, the 
KFAA do not define the Pacific plate boundary north of the Mid 
America trench. 

The Aleutian trench Is marked with the characteristic 
gravity anomaly patterns. An Intensely negative (-lf‘ mllllgal 
maximum) KFAA belt follows the central portion of tne trench 
while the KFAA belts at either end of the trench are only 
slightly negative. Whereas the trace of seismic activity places 
the eastern end of the trench under the Alaskan land mass near 
Anchorage, the trace of the gravity lows continues 10° further 
to the east terminating un der the Gulf of Alaska near 58°N, 
145°W. 


Although often referred to as a series of Individual 
trenches, the Kuril, Izu-Bonln, and Mariana trenches are defined 
gravlmetrlcally to be one continuous system which Is here 
called, collectively, the West Pacific subduction zone. The 
MFAA expression of this subduction zone begins on the north 
with a slightly negative anomaly belt near Kamchatka at 55°N 
and 164°E and becomes intensely negative at b5°N, 155°E. This 
gravimetr'c expression continues to 12°N, 14l°E where the belt 
abruptly ends. The maximum negative MFAA values in the West 
Pacific subduction zone occur in the Izu-Bonln and Mariana 
portions of the subduction system with values of -200 mllligals 
and -225 mllligals at 35°N, 142°E and 12°N, 142°E respectively. 

The Philippines plate generally is considered to be 
surrounded by trenches with the Izu-Bonin, Mariana, Yap, and 
Palau trenches on the east and the Ryukyu and Mindanao trenches 
In the west (Isaacs and Oliver, 1968). However, only three of 
these trenches have a distinct gravity anomaly expression. The 
Izu-Bonln-Marlana and Mindanao trenches are marked by belts of 
Intensely negative MFAA — up to -255 mllligals in magnitude. 

The negative belt over the Mindanao trench connects with the 
negative belt over the Java trench forming one continuous 
feature here called the Phillppine-Java subduction system. 

The Ryukyu trench Is marked by a belt of slightly to moderately 
negative MFAA — the maximum value being -57 mllligals. The 
Ryukyu trench Is not connected gravimetrically either to the 
Mariana trench on the north or the Mindanao trench on the south. 
Although a an. ct slightly negative belt of MFAA occurs over 
the Yap and Palau trenches, these features are considered to be 
currently inactive. 

The authors' interpretation of the peculiar Philippine Sea 
area relations Is that a northwesterly moving Pacific plate Is 
being subducted in the trench regions marked by Intensely 
negative MFAA. A line Joining the southern terminus or the 
West Pacific subduction zone with the northern terminus of the 
Phillppine-Java subduction zone has the bearing 286° (N7t°W). 
This bearing Is Interpreted to Indicate the direction of move- 
ment of the Pacific plate adjacent to the southern Mariana 
trench and also of the Philippine plate adjacent to the 
Mindanao trench. 

Tectonic movement marginal to Luzon includes underthrusting 
along the west coast of the island, A mean azimuth of under- 
thrusting of 283° has been inferred from analyses of focal 
mechanisms in the West Mindanao trench (Allen, 1962). Thus, 
the direction of plate motion in the area 13 confirmed by both 
seismic and gravitational evidence. 
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With the sole exception of the Rrukyu-Mindanao trench 
complex, the typical arcuate expression of trench systems is 
always convex toward the plate being subducted. The exceptional 
and, probably, unstable situation along the western boundary of 
the Philippine plate has been corrected partially by an ocean- 
ward migration of the subduction zone and by the creation of 
the convex Izu-Bonin-Marlana trench system (Mitchell and Bell, 
1973). The Izu-Bonin trench is considered to be in a nascent 
stage of development (Fitch, 1972). 

Cessation of subduction in Ryukyu trench is suspected 
because of the lack of an Intensely negative gravity anomaly 
belt over the system and the deposition of a thick sedimentary 
sequence (Mitchell and Bell, 1973)- The numerous epicenters 
in the region which suggest that the trench is still active 
may be caused by the formerly subducted plate seeking isostatic 
equilibrium. 

It can be hypothesized that subduction activity gradually 
will become more Intense along the Palau and Yap trenches thus 
creating a continuous convex subduction zone along the entire 
western Pacific plate. 

The entire spectrum of MFAA values occurs along the plate 
boundaries from New Guinea to New Zealand. A series of dis- 
continuous but intensely negative belts of MFAA extend through 
New Guinea and into the Bismark Archipelago. The existence of 
a slight isostatic Imbalance around the Fiji plate is evident 
but the discontinuous slightly negative MFAA only provide a 
location for segments of the plate boundary. The Tonga-Ker- 
madec trench is readily distinguishable by the characteristic 
pattern of intensely negative anomalies from Samoa to North 
Island, New Zealand. 

The uninterrupted continuation of the intensely negative 
Phillppine-Java subduction zone from the Philippines to the 
Java trench begins near the Junction of the Aslan, India, and 
Phllipplne-Pacific plates, at approximately 3°N, 128°E. However 
because of the uncertain location of the Phillpplne-Paciflc 
plate boundary in this region, a Juncture of the plates could 
also be placed north of Halmahero Island at approximately 3°S, 
129°E. 


If the juncture is chosen at 3°N, 128°E, the plate boundary 
between the Asia and Australia would pass through the eastern 
Molucca Sea to near the north shore of Buru Island. From Buru 
Island the boundary turns eastward and passes north of Ceram 
Island and around the Banda Sea. 

The MFAA in the area fluctuate around -100 mllllgal3 with 
a maximum negative of -150 mllligals occuring over the Weber 
Deep at 5°S, 132°E. The Intensely negative MFAA arc over the 
Weber Deep Is a four degree wide band, but narrows to one or 
two degrees as the Java trench is encountered. The intensity 
decreases from -197 mllligals to an average of -75 mllligals 
southwest of Sumba Island, Indonesia and, except for three 
Intensely negative areas at 8°S, 111°E (-11A mllligals), 9°S, 
108°E (-121 mlllgals ) , and 6°S, 103 E (-133 mllligals), a 
gradual decrease in MFAA values occurs into the western trench 
‘erminus in the Andaman Basin. 

Except for the trace of slightly negative MFAA midway into 
the Andaman Basin and the location of the area of subduction 
around the Banda and the Malucca seas the MFAA complement the 
seismic and bathymetric plate boundary location along the entire 
length of the Java trench. 
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Continental zones of compression suggesting recent 
collision of plates Is Indicated by the belt of Intensely 
negative MPA A along the Indla-China border and the belts of 
slightly to moderately negative MPAA through southern Iran and 
across the southern boundary of USSR from Afghanistan to the 
Black Sea. 

Another zone of compression In the eastern Mediterranean 
Sea Is confirmed by the negative gravimetric expression. 

The mid-ocean ridge In the North Atlantic Is marked by 
regionally positive 1° x 1° mean free air anomaly. This 
slightly positive MFAA expression Is best seen using mean 
anomaly profiles across the strike of the ridge. There Is not 
sufficient gravity data to define the zones of expansion In 
other areas. 

The negative expression of the Caribbean plate's northwest 
boundary begins over the Caymen trough. Although Individual 
free air anomalies to -230 mllligals (Bowln, 1968) were recorded 
over the Orient Deep, the largest MFAA over the same area Is 
-124 mllligals, 20°N, 57“W. The western end of the trough 
becomes rapidly less negative with one MFAA being an unexplain- 
able +25 mllligals. The MFAA In the eastern end of the Caymen 
trough also becomes less negative as the bathymetric high 
between Cuba and Hlspanola Is approached but remains moderately 
negative. This moderately negative MFAA of -48 mllligals 
between the Caymen and Puerto Rico trench supports the contention 
of Bowln (1968) that the Caymen trough structure is not a 
westward continuation of the structure producing the Puerto Rico 
trench negative free air anomaly belt. 

A negative MFAA (-119 mllligals) at 27®N, 77°W, marks the 
start of a continuous series of Intensely negative mean free 
air anomalies that pass seaward of the north Hlspanola coast, 
through the Puerto Rico trough and Into the Lesser Antilles 
trough where the intensity decreases from -168 mllligals to 
-40 mllligals at 14°N, 60°W. The maximum MFAA over this 
northern boundary of the Caribbean plate Is -268 mllligals In 
the Puerto Rico trench, but averages -180 mllligals over the 
length of the boundary. 

Moderately to intensely negative MFAA pass between the 
Tobago and Barbados troughs (-90) mllligals and then through 
Trinidad and the Parla Peninsula, Venezuela. The negative MFAA 
expression continues along the 4000 metric Isobath of Venezuela, 
Colombia, and Panama. A gradation from Intensely negative 
(-157 mllligals) Just north of Caracas, to only slightly negative 
(-10 milligalB) at the western terminus of the negative trend, 
83°W, 10°N, with only one major reversal In gradient at 12°N, 

74°W (-146 mllligals) occurs. 

Insufficient gravity data Is available to derine the plate 
boundaries in the vicinity of the Scotia Arc and South Sandwich 
trench. 


CONCLUSION 

The feasibility of using 1° x 1° mean free-air anomalies to 
define and delineate plate boundaries has been established. 

This method Is presently limited to zones of accretion and sub- 
duction; however, study of MFAA over fault boundaries Is in 
progress. In most areas the MFAA complement existing seismic 
and magnetic data, but, as stated, variations in boundary 
location and interpretation do occur. 
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With the continuing collection of gravity data by the 
Defense Happing Agency Aerospace Center, the gravimetric 
delineation and Interpretation of plate boundaries on a worldwide 
basis will be continued. 
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THE THIRD-ORDER CLAIRAUT EQUATION FOR A ROTATING 
BODY CF ARBITRARY DENSITY AND ITS APPLICATION 
TO MARINE GEODESY 


ZdenSk Kopal* and Paolo Lanzano 
U.S. Naval Research laboratory 
Washington, D. C. 20375 


ABSTRACT 

This paper derives the Clair&ut equations, which govern the defamation 
of the equipotentlal surfaces within a rotating mas s In hydrostatic equilib- 
rium, as ordinary differential equations containing up to third-order terns 
in a snail parameter. This has been achieved by (1) eliminating the two 
integral terns which appeared in the original formulation, and (2) by 
expanding the equipotentlal surfaces into a power series of a snail parameter, 
which is essentially the ratio between the rotational and potential energy 
of the body. 

It is expected that the numerical integration of these newly obtained 
equations, which rec-'res the knowledge of the density profile within the 
rotating body, will contribute toward a solution of the following problems: 
(1) the determination of the geoid to a precision of one meter, (2) correc- 
tion to the travel-tine of seismic waves, and (3) the determination of the 
exterior shape of the rapidly rotating planets Jupiter and Saturn. 

The need far the third-order and higher order theories is dictated by 
our Interest in ascertaining the planetary deformations +o a higher degree of 
accuracy than heretofore available. In the case of Earth and Moon, the 
accuracy requirement is of the order of one meter. Such stringent require- 
ment is related to laser ranging and will provide more precise information 
on tectonic plates movements and on other questions of Interest in marine 
geodesy. 

INTRODUCTION 

The fundamental problem of geodesy is the determination of an accurate 
Shape of the geoid with respect to a hosen reference surface. For this pur- 
pose, geodetic activity lr. the last few decades has been primarily concerned 
with obtaining accurate gravity anomaly measurements in various locations on 
the Earth. By introducing these measurements Into Stokes integral formula, 
one can evaluate the deviations of the geoid from the standard reference sur- 
face. This formula however requires contributions from all over the Earth. 

To gravlmstrically map extensive areas is an expensive and time-consuming 
proposition, which somstlmss is unattainable because of the inaccessibility 
of certain areas of the globe. The theoretical refinements due to Molodenakll 
(i960), although responsible for having br "ht a slight increase in accuracy, 
are predicated to the same limitations e.x. . "alls, (see, e.g., Rapp, 1973). 

To alleviate this situation, recourse sen made, from time to time, 
to theoretical considerations to provide alt*. its and/or more suitable meth- 
ods. Recent research has been dealing with the representation of the 
geopotential by a series of functions different from spherical harmonics. 
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Tn.-. . I'or example, Hotine ( 1969) and Walter (1970) have considered ellip- 
soidal harmonics; Giacaglia Bold Lundquist (1972) have introduced certain 
matrix transforms of harmonic functions which they have labelled sampling 
functions. Statistical models have also been introduced (e.g. by Jordan, 

1972) to systenatize the numerous data pertaining to gravity anomalies and 
deflections of the vertical. Elegant as they might be, these mathematical 
devices do not seem ultimately to help in the final numerical evaluation. 

Satellite geodesy has, in the past, been quite successful in ascer- 
taining the harmonics up to the tenth order and degree {Gaposhkin and Lambeck, 
1971^* representing wavelengths longer than 4,000 km. Claims have beep made 
of having obtained undulations of only few meters. However, the deter- 
mination of higher order harmonics {say, up to the sixteenth order and degree) 
by the same method has not net with great success and one has to fall back 
to surface gravity measurements for reliable data. 

Recently, sea-gravity measurements performed in the western North 
Atlantic ocean by Talvani (1972) have revealed undulations of the geoid with 
wavelength of few hundred kilometers having amplitudes of few tens of meters. 

Thus, one has the situation whereby undulations of long wavelengths (iew 
thousand kilometers) have amplitudes of few meters, whereas undulations of 
few hundred kilometers have amplitudes one order of magnitude higher. 

This lack of convergence and the existing discrepancy between data 
obtained by sea or land measurements versus satellite data contribute to a 
situation which is far from being optimal and which calls for the introduction 
of new ideas aod/or working procedure, if one wants to make use of all 
available gravity measurements for a more precise determination of the geoid. 

It is oui contention that there is a physical reason for the observed 
discrepancy and that ary knowledge on the density distribution within our 
planet is fundamental for obtaining a more refined figure of equilibrium that 
should be used a the "spheroid” of reference. The inadequacy of the present 
reference surface (oblate ellipsoid of revolutions to represent a good global 
fit of the geoid is responsible, in our opinion, for the fact that one cannot 
accomodate at present all the available d«.ta. Both from a mathenatical and 
physical point of view, it is evident that if initially one does not start 
with a good fit to the physical surface, a loss of accuracy will ensue. 

The theory for the equilibrium configuration of a rotating mass with 
arbitrary density distribution under hydrostatic equilibrium (the so-called 
theory of Clairaut), appears to be the most logical physical way to provide 
a good approximation to the geoid. This theory, relating the shape and 
gravitational potential cf a heterogeneous Earth deformed by diurnal rotation 
was developed by A. C. Clairaut to first-order terms in the centrifugal force 
to surface gravity rati''. It was capable of describing the shape of the 
Earth within the errors of the order of *100 meters. To increase the 
accuracy necessitated retention of second-order terms in the came parameter. 
The first steps in this direction were taken by G. H. Darwin (1900) and the 
second-order theory was finally brought to a successful conc'usion by 
W. DeSitter (1924). Perhaps the most general results are those obtained by 
one of us Kopal, i960) and published in a monograph which has since received 
extensive use. Applications of this second-order theory to geophysics 
(Bullard, 1948, and James and Kopal, 1963) have disclosed that a retention of 
second-order terms will approximate the surface of the Forth by quantities of 
the order of a few tens of meters. Should, however, the current operational 
requirements call for an improvement of the precision to quantities of the 
order of * 1 meter or less, a retention of third-order terms in the under- 
lying theory becomes indispensable. The first steps toward developing such 
a theory were taken by Lanzano (196?), and more recently Doth authors while 
at NHL have developed tne Clairaut theory up to and including third-order 
terms in the small parameter. We are virtually certain that no similar work 
has been undertaken anywhere else. The numerical solution of the ensuing 
Clairaut equation should provide the sought spheroid of reference to a higher 
degree of approximation than heretofore available. The essential features 
of the method are described in what follows, 

CLAIRAUT EQUATIONS 

Consider any deii_.r;..J !e nonviscous body and denote by c the density 
at any internal point, by p the pressure, and by | tne sum of the celf- 
gravi tational and disturbing potential. Assuming hydrostatic equili brium, 

we have 
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gn4 p » p grad ♦. (1) 

The co^wtibility condition* far this equation reveal that * Bust be a 
function of 9 alone; trim equation (l), it follows that p is the 1 , also a 
function of C alone: the so-called equation of state. One can t’jen deduce 
that the surfaces * > constant constitute equilibria* configurations . 

let us .-up pose that the aass in consideration rotates about an axis 
which resales fined with respect to its surface. Because of this rotation, 
both the outemost surface and the other cqui potential surfaces, which were 
originally spherical In shape, will be distorted Into spheroidal config- 
urations. These spheroids depend continuously on a peruse ter a, which 
represents the men radius of the spheroid, and are such that through each 
point within the sans there passes one sad only one spheroid. 

let us introduce a systea of spherical polar coordinates (0; r, », S) 
with the origin 0 coinciding with the centroid of the rotating aass, where 
the colatitude # is aeasured frost the rotational axis, and the longitude t 
is aeasured in the equatorial pltne froa an arbitrary axis. If we assure 
both axial synsetry and syewetry with respect to the equatorial plane, the 
equi potential surfaces can be represented as 


r/a - 1 ♦ f 2J (a/a 1 )P 2J (cos »), (2) 

where the P'r are Legendre polynomials, and a. denotes the seen radius of 
the outermost surface. 

the distortion coefficients f can be determined from the total poten- 
tial ♦ exploded in terms of spherical harmonics of ascending order. For 
this purpose, replace in this potential expansion the radius -rector r by 
equation (2); and, after haring performed all the necessary operations, 
rearrange this expression into a new expansion of + in spherical harmonics. 
Since f must reduce to a constant, me equate the coefficients of 
PjU * 1* 2, 3, ...) to sero and the coefficient of P Q to a constant. 

These steps give rise to Clai rant’s integral equations for the f's 
which entail not only the density p(a) within the mss but also its mean 
density 

«(•) - (3/» 3 ,j«» 2 d». (3) 

o 

Thus, one would be compelled to ascertain the density distribution within the 
■ass by making use of the Poisson equation associated with the given poten- 
tial. For the Garth, this last step is not essential since an accurate model 
for its Internal density can be deduced from seismological considerations. 

To establish a recurrent approximation procedure, we introduce the 
rotational parameter 

q « « Z a^/SGrn^ (4) 

where G is t be gravitational constant, m, is the total n»ss, • is the 
rate of axial rotation, and we express the Sistortlon coefficients f as 
power series in q: * 

f 2J (a,q) - q r 2J ^(a). (';) 

Rot ice that q is essentially the ratio between the rotational and the 
potential energy of the mass, for the Garth we know that q = 0.00115. 
Preliminary computations, meant to establish order of magnitude relations in 
q, reveal that fg is of the first order, both f 0 and f^ are of the 
second order, fg is of the third order, and fg is already of the fourth 
order in q. Thus, up to third-order terms, the equations of the equi- 
potentlal surfaces can be written as 

- 1 ♦ j L Ji •»“ f 2j,K ( ^vV co! •> (6i 

with 
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f oi " f Hi " f 6i * f 6a ■ 0% <7) 

Iho first -ardor theory provides tin function f gl ; the second -order theory 
consists of determining *«*•** end f (g U terms of the loner order results. 
All these functions have to be used in order to ascertain t Q y f^, fjg, 
f*. which constitute the third-order theory. 

3 1st in consider tbs expression for the total pot enti al. She only 
disturbing potential in the rotational potential end this can be uritten as 

* « r® sln P 8 » q r^l - cos (jj. (8) 

*1 

tbs salf-gravitatlooal potential at an interior paint P located onto an 
equl potential surface of aean radius a consists of two tone 

Y-£ r* (UJ) V J (e/l), 

due to the attraction on P by the ness located within said equipotential 
surface, and 


» - t 3 


due to the attraction of the aass lying outside such surface and extending 
as far as the external boundary of tbs body. U. and V, are well-known 
triple integrals with respect to the man radius and two^angular variables 
(see, e.g. Kopal, i960); their integrands consist of products of powers of 
r and Isgeodre polynomials. U 2 contains a logarithmic term in r/a. 

To carry out the first two steps of the above -described procedure upon 
q ■ U ♦ V + W, we have to: 

(1) Use the orthogonality condition for spherical harmonics in its 
integral form; and 

(2) Reduce the product of tin or three Legendre polynomials to a 
linear expression of the sane polynomials according to the 
Beuoann-Adaas fonuila 


P J P k p r 


5 C 

h Jar h 


for h • ) * k ♦ r, j ♦ k ♦ r - 2, ... , (see, e.g. Bailey, 1935). 

Thus, the n-th power of an equipotential surface has been expressed as 


(r/oJ°-l 


io {< f 2J,l * ^ 4 ) * 

+ (n-l)Sgj ff^ P ZJ , 


( 9 ) 


where 


“3J 


k?o 


a5j f f 

xk ,2 *21 r 2 k, 2 > 


(10) 


and a comas is used to separate the sets at lower indices when they appear 
In literal form, notice that in(r/a) , required within U 2 , can be evaluated 
by taking the Unit of equation (9) when n tends to zero. 

Using these results, we have Obtained the expansion of f into 
spherical harmonics of the fora 

p Jl p 2 J,k (a)P 2 J {c0 * 9) ' 

where the coefficients of tbs various harmonics are polynomials In q. The 
q's for J » 0 and k • 1, 2, 3 need not be written expUcitly since they oust 
be equated to arbitrary constants. The noovanishlng coefficients of the 
expansion are reproduced below (primes denoting derivatives with respect to 
the mean radius a): 
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*zi M m -( 0 V a i)(“ /a i f * 

(lmo/a)[-f 21 J pa 2 da ♦ (a -2 /^) J p(a 5 da » (U) 

(a 3 /5)f Pf^ da], 

*21,2 - ‘(‘VOW 2 (*g * 4) f 21 + 

<*"«/«> {(a^/l^j) Jp(a 3+23 r 2j g )' da * 

(12) 

(l/Sj^Za 3 Jp^da- 3a* 2 fp(. 5 t^)' da]^ - 
( f 2 J ,2 * *22 * 21 ) J P * 2 to }» 

o 

for J . 1, 2 with 

\).2 ° f 2j,2 * 4 

,, 5 (13) 

F 2J,2 " f 2J,2 * 4> 

and 

♦23,3 - ( G V a iX a/a i)T 2 , 2 j, 2 ♦ 4 4 - 

l5o *2k,2( af 2k,2 + *22 
(ImC/a){(a- 23 /l»J l <) J p^a 3 * 23 F^V da ♦ 

(a 1+2 Vl^) j* P(a 2 - 2J S 2J>3 )' da ♦ (A) 

ft 

U/JM*f *3 ; 0^ 2 da - 3a- 2 jV(a 5 F^V *V ♦ 
a o 

(1/9»@V J p(a- 2 B^V da - 5a- 4 J .(a? F*)' daV, - 
a o J 

(3/5)a ‘ ? X 4,2 (^,2 - «g 4) fV fa)' ♦ 

' ft3/ ' 5 & *2k,2( 2f 2X,2 * 4 4) j" 0f 21 * 
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( f 2J,3 - ^ + ^2 4 ) / P * 2 

o 

far J » 1, 2, 3, where 

^,3 ' f 2 J ,3 * (1 * « > B 2 J * 5 3 ' 1 * *>*^22 4 
K 2 J ,3 * f 23,3 + 2(1 + J ) B 2 J * l (1 * J)a + 2J) ^22 4 


( 1*0 


(15) 


and the B's are defined by equation (10). It is also clear that 


♦Hi * *6l * 

By equating q 21 to zero ve obtain an integral equation in which the 
unknown function f^^(a) appears twice under the integral sign: one integral 

vanishing at the center of nass (a * o), the second vanishing at the external 
boundary (a » a^). If, in turn, we Isolate each Integral and differentiate 
with respect to the variable a, m get an integral equation expressing the 
reaaining integral of the unknown function in terns of the density and the 
defamation coefficients. These two expressions are needed for higher order 
approaimtlons. next, consider that expression Which contains the integral 
vanishing at the boundary, and evaluate it at a * aj; we find the boundary 
condition, valid at a * a^: 


2f, 


21 


af*i>5 


0. 


(16) 


A third differentiation upon the previous results is required to reach an 
ordinary differential equation 

a 2 f" * 6D(f 21 ♦ afgjj - fif a - 0, (11 

where D * e/p and p, the man density, is given by equation (3). By 
introducing the logarithmic derivative 


1 " af’/f. 


(18) 


the Clairaut equation will be taken into the Badau equation 


at|^ ♦ 6Dfl ♦ 1)^ - (l - T1 21 T1 21 -6.0, (19) 

which is of the first order but nonlinear. 

The conservation of total boss within the distorted configuration allows 
one to evaluate the function f Q (a) in its various approximations . In fact, 
we can write 


“i °i , 

■x - *» P pa 2 da ♦ lprq Z ' pta^a^fgg ♦ if 2 ^] da 


hnq- 


J » (a { a3 (’ 


03 


2 - - 

yn l 22 


155 4 )] 


where prises, as usual, denote derivatives with respect to a. Since p(a) is 
the density of the undistorted configuration and no change in total mss can 
occur because of the rotational notion, the first tens alone appearing in the 
right-hand side shall represent the total aass. The other two integrands 
oust vanish, thus yielding 


f 02 * 

f 03 . -<2/5)f ai f 22 -(2/105)ff r 
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By equating to sero +g, 2 (4 ■ 1* 2), as given by equation (12), and 

eliminating the two integral i of t^V eet inta 8 xml equations in which eadi 
unknown function fg 2 appears twice under an integral sign. Two 
differentiations are J Required to represent each one of these integrals in 
finite teras: these expressions are required for the next higher 

order approximation. One of these expressions provides the boundary 
conditions at a * a^: 

2f 22 * **22 * ?( 6 * * 2 ( 5 * 1 '2l) f 2X* 

(21) 

Uf U2 + ^42 * l| 6 + ♦ 4)4* 

A third differentiation yields the second-order Clairaut equation 

a f 2j,2 * 6fl ( f 2J ,2 * “*21 ,2^ ‘ 2J(aj4 ' 1)f 2j,2 * *2J,2 
valid for j * 1 , 2 and wtiere 

"22 = C( 2 - * 18 ( 1 * D )>21 4 + 

12H(l-6)(l ♦ Tl 21 )f 21 , (22) 

R 42 * S 1 *- 90 ^ ( Z + ^l) ‘ Hyl- 
and 

H(a) * ptayj/pta). 

The corresponding Radau equation is easily obtainable. 

To obtain third-order terns, we equate + 2 ,, (j » 1, 2, 3), to tero 
and follow basically the sane steps as in the previous case taking use of the 
first and second-order results. One differentiation is required to get the 
boundary conditions and a second one to obtain the third-order Clairaut 
equations. The operations of substitution and simplification entail the 
handling of approximately two hundred literal terms. This work was dene 
by hand and checked independently by both authors. A computer program is 
being envisaged in the near future to pursue expansions to higher powers of 
the parameter. 

The third-order results can be summarised as follows: 

(1) Boundary conditions at a « a^ 

2f 23 * ^23 * 2 ( 5 ’ 11 22) f 22 * 

ICl^Hgj+aT^jJffj + |( 1 2+3T1 21 +3T| 22 +27 | 2 i TlggVgj fgg ♦ 

( 2 *») 

7(26 ♦ 3T| 21 ♦ 3^42 * 211 21 T l4 2 ) f 21 f 42 * 

3^(38 ♦ 30 ^ * i5ti x ♦ 

Uf 4 3 * <3 * 2 ( 7 * V} f 42 * 

|(2 1 * 1 on 21 *2n| 1 ^ 1 ♦ §i2t 5 ti 21 s5i 22 ^ 21 \ 2 ;f 21 t u ♦ 

20/ x (?4 > 

m 86 + + 5 \2 + 2T| 21 V) f 2i r 42 - 

^(54 * 447 | 21 . 18 T^ X ♦ 3 ' 1 21 )f| 1 i 
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6f 63 * **23 “ U* * ’Vl * ^ * ^l V^a f 42 ' 

W* * ViX“ * *Vi * 4) f ir l25) 

(3) Clairaut equations 

** f 2J,3 + ^ f 2J,3 * “W * 2JU * y)f 24.3 * *21,3’ (J ■ 11 *' 3) 

where 

*23 " £ (2 * ®>Vl V* * 9(1 ‘ D)f \l * Vi^ai f 22 * 

f (2-90)71 21 ♦ 3(10-30)^ * (16-90)1)^2 * 2U>]f 21 - 

(7+6b)u| 1 ♦ Sdl-lSB)^! ♦ 9(20-9D)Tl 21 ♦ 3(22*50 ♦ (26) 

12H(X-n)i ltl^Vgg ♦ ^ H(l-D)f2+11 2i yn 21 + 
a^d-Dj i * T) 21 f 21 ; 

*43 3 i'< 2 - 9D >( 1) 2i V2 * Vi * V - 21D ] f ai f 22 + 

W ^ * <23-90^1 * 9(l-D)V> al *42 - 

(27) 

^■'so^! - (10-27D)1)^ 1 ♦ 4(8+90)1^, - 6(1-20)]^ * 

i2H'W)'i*V)r« 

fig- . (2-90)lL 1 Tt ♦ 3(4-30)1!^ - (2*9D)H te - 33Dlf 21 f^ - 

(26) 

301^! * < l »*'0)1^ 1 - (4-450)11^ - 24 ♦ ISD’f^. 

For a deeper Insight into the sathematlcal details, see Lansano (1962 and 
1974), and ltopal (1973). 

Amxaaiam 


Our principal result is the third-order approxlsmtlon of the Clairaut 
equations. Two analytical developments of our results are the evaluation of 
the exterior potential and the various meant s of inertia for the distorted 
configuration up to third-order taros in the paraseter. He plan in the 
future to numerically Integrate the Clairaut equations subject to the boundary 
conditions at the free surface expressed by eqts. (23) to (2$), and to the 
boundary conditions at the center of the configuration given by 

f 2J,3 (o) * f 2J,3 (o) for J ’ l * 2 » 3 ’ 
its nunarical solution of this boundary value problea provides values for the 
defoliation for every equlpotential surface within the rotating body. This 
naturally requires the kacwledge of the lower order approxlaations. 

The numerical integration of the Clairaut equation necessitates a Know- 
ledge of the density distribution within the rotating body. In the case of 
the Carth, a vary plausible model which we are advocating is the KB. aodel 
of Hand on and Sullen (1969) or a modification thereof. This model, which is 
characterised by ite parametric simplicity, represents in our opinion, one of 
the most advanced steps in our present knowledge of the Earth's density 
distribution. In fact, not only Is it coopatlble with seismic wave travel- 
time date and the revised value of the Earth's moment of inertia but it also 
incorporates the free Earth spheroidal and torsional oscillation data. 
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Jaws and Bocal's 196 3 nuaarical work ts based upon the 1940-42 Bui Ion 
modal and Is United to the second-order approximation. 

for a rapidly rotating planet, liks Jupiter or Saturn, third-order 
affect* night not te sufficient to determine tho shape of these planets. 

If this be the oaae, we are in a position to analytically extend cur theory 
to the fourth or higher order by aeons of a computer program which allows 
one to perform all the algebraic and differential wnipulatlons through the 
computer. For the fourth-order case this has already been done, but the 
results, while available, are too conplicated far us to Include then in this 
paper. 

In the terrestrial case , it is expected that by solving the third-order 
Clairaut equations, a precision of ± 1 aster for the geoid will be achieved 
and will represent the best "surface of interpolation" for isolating other 
factors not attributable to hydrostatic equilibrium. 

Another reason for wanting to know the equi potential surfaces within the 
Barth to a higher precision is to be able to calculate corrections to seismic 
wave travel-tine, as Mentioned recently by Bullen (1973)* 

A more accurate determination of the geoid should also help to under- 
stand the rotational notion of the tectonic plates. 

Future measurements via radar altimeters like the ones planned in the 
GE06-C satellite will be very fruitful, however, in order to calibrate the 
altimeter, it is imperative to know the geoid undulations by independent 
neans. 

In conclusion, we feel confident that our analytical procedure, which 
sUi^s froa a deep-rooted physical condition, if backed by valid density data, 
will provide a better approximation to the geoid and a better usage of the 
available or future gravity measurements. 
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BISTATIC SKA STATE RADAR MONITORING SYSTEM AND 
APPLICATIONS TO MARINE GEODESY 


GEORGE T. RUCK 

Bat telle Columbus Laboratories 


ABSTRACT 

Bette lie's Coluofcus Laboratories have developed for NASA-Wallops a 
bistatic radar system capable of sea state sensing from an orbital or air- 
craft platform. This system enq>loys a simple low power transmitter in con- 
junction with a separate receiving unit. Operating in the BP region (3-30 
MH*> , a vertically polarised pulse or FMCH waveform is transmitted. The 
transmitted energy is scattered from the sea surface and received at a 
given time delay after recaption of the direct signal from the transmitter. 
By sweeping or stepping the pulse carrier frequency or FMCW center frequency 
through the HP band, the heights of the larger ocean waves whose length are 
equal to the radar wavelength are sampled. Spectral processing of the re- 
ceived signal permits the directional component of the ocean-wave spectrum 
in the sea scattering region to be determined. This system can be confi- 
gured using the transmitter on the surface or In an orbital or airborne 
platform. Using the transmitter in a satellite and the receiver on the sur- 
face will allow directional wave-height spectrum measurements of an area 
around the receiver to be made without the requirement for data processing 
in the satellite or direct data transfer from the satellite. If the re- 
ceiver is placed in the satellite, directional ocean wave-height spectra 
can br obtained from large ocean areas. 

An aircraft test of the system has been recently conducted using 
a transmitter mounted on the Chesapeake Light Tower and a receiver mounted 
in a NASA-Wallops aircraft. Applications of this instrumentation include 
precise measurement of the ocean wave-height spectrum in conjunction with 
satellite altimetry for geodetic determinations. Directional wave height 
spectra measurements in conjunction with wind speed and directional infor- 
mation will allow various wind-sea Interaction- theories and models to be 
evaluated. In addition, detailed directional wave-height spectrum measure- 
ments are required in order to design deep sea drilling platforms and modern 
ship hulls to Insure their safety and physical integrity during severe wave- 
height conditions. 


INTRODUCTION 

the bistatic scattering of high frequency radio waves can be used to 
observe directional ocean-wave spectra and consequently measure RMS wave 
heights. The potential exists for carrying out such measurements using 
either satellite or aircraft platforms allowing large areas of the oceans 
to be monitored. Synoptic data on wave heights, directions, slope statis- 
tics, etc., are required If satellite altimetry is to provide the hoped-for 
accuracies of Geoid definition as well aa for a variety of oceanographic 
and marine applications. 
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Biautic m itatw iMH«urwwmta an poaalbla b« cause at long and nmdium 
wavelengths, the sea surface scatters in a Bragg scatter node which allows 
the ocean-wavs spectrum to be sanpled by changing Che incident radio fre- 
quency. A measurement system can take two configurations. One in which a 
transmitter is located on or near the surface such as on a ship, bouy, tower, 
or small island and a receiver is located in an orbital or airborne plat- 
form. This allows ns receiver to opsnte in conjunction with many trans- 
mitters and gather data from a wide area. Another operational mode would 
be to place the trit rmltter in an orbital or airborne platform and one or 
more receivers on the surface. This would avoid the requirement for any 
data processing or telemetry functions in the satellite or aircraft, al- 
though each receiver would provide data only on wave conditions in its vici- 
nity. 


This paper will describe an experimental aircraft system operating in 
the 3-30 Wt region which hes been developed for NASA-Wallops Flight Center, 
and the current and expected results from the system. A brief description 
of the Bragg scattering process will also be given along with the require- 
ments for a satellite system. 


a: SR FREQUENCY SCATTERING FROM THE OCEAN SURFACE 

The ocean surface can be described by a model in which the random vari- 
able h(r, t) defines the scr'eoe heights at some position r and tins t rela- 
tive to a reference surface (Fnillipf, 1966 and Longue t- Higgins, 1957). The 
power spectrum of the surface height is the generalised Fourier transform of 
the surface covariance function and is a function of the vector spatial wave 
nuaber, frequency, position, and time. If the sea is stationary or homoge- 
neous, or both, then one or more of these variables can be suppressed. For 
a stationary, homogeneous sea, the surface can be fully described in terms 
of its three dimensional height spectra I (t, f). For small amplitude gra- 
vity waves, which are a good approximation for the tea, then the dispersion 
relation 


v 2 * (g/k) tanh (kh) (1) 

2 

is valid, and for deep inter (kh »1) v ** g/k where v is the phase velocity 
of a wave with wave Dumber k and g ia the acceleration due to gravity (Kina* 
man, 1965) » For snail amplitude gravity waves, the surface height spectrum 
for e stationery, homogeneous see becomes a function only of the vector wave 
number The total potential energy of the surface la given in this case 
by 

E = <l/2)pg 


where 

« -jo 

J w(fc)dfc = f f 

k -• 

the mean square surface height. 


/ 


w(k)dfc 


( 2 ) 


c 


“2 

, k ) dk dk = r 
y x y w 


( 3 ) 


For en electromagnetic wave propagating over a rough surface such es 
the ocean at angles near gracing incidence, the boundary perturbation the- 
ory of Rice can be used to determine the incoherent energy scattered from 
the surface (Rice, 1957 and Barrlck and Peaks, 1968). For a plane wave inci- 
dent at a polar angle 9 * with radian fraquency ( 0 o and wave number k 0 , the 
scattering cross section per unit surface area ia 


t . . <9 , $ ,0.) = 4vk* cos*0 cos^0 la, I 2 <w • 
ij s' s* i o t • ») L 

♦ w* £(u> - u» 0 - 


♦ a ) (6) 
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with 


w = wfk 0 (»in 9 g cob - Bin 9^, k„(ein 8 * eintp^)} (5) 

«' c wf-ko(sin 8 coBtp - sin 9 ), - k (sin 6 sin«p >] 

8 8 l ° 8 8 

*g = V^O ^ ^ B * n C ° B ^8 ” S ^° + (»1» ^8 8 ‘ n ^P s ^] 


The parameters <n j are complex scattering matrix elements which depend upon 
the polarisation states and propagation angles of the Incident and scattered 
fields and the dielectric properties of the ocean surface. 

For Incident radio wavelengths longer than approximate Ip 10 meters at 
gracing angles (Bim^/ 2), the condition for application of Rice's slightly 
rough surface theory is valid and the conductivity of sea water Is suffl* 
clent that the polarisation parameter cut reduces to only two of importance. 
These are fot vertically polarised Incidence and vertically and horisontally 
polarized scattering. The resulting cross sections become 

%v (0 8 .^)- 2frk* ( sin * cos + w + g + \ (6) 


and 

4 2 f - - ♦ +1 

COB e S ® in 1 W & + < 7 > 


with 


w = w(k 0 (sin cos op^ - 1), k Q sin 9* sincp 8 J 

w + = wf-k 0 (sin 0^ cos 5 p 8 - 1), -k Q sin 9 * sincp j ^ ^ 

6 » 6(u - w Q + Ug) ( 6 = 6(u» - u Q - t**gi 


The nature of the Buttering pheuoaena Is illustrated more clearly if 
a polar coordinate repreaeotatlon of ths surface height spectrum Is used. 
This is defined by 


«o * 

C 2 ■= f f w(k , k ) dk dk 

* J J a y ay 

— *J • © 


Zv •« 

// 


O O 


w(k, if) kdk 


(9) 


If this polar representation is used in Equations 6 and 7 above for the 
cross sections, then 




0? 
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v* + ■ w(k, ♦), w" * w(k, 
k * V 1 ♦ sin^ - 2»to9^ cos qj < 


(If) 


and 




. t /sin 9, , lng > t ^ 
n \ ii0^ t cob®^-! | 


( 11 ) 


If the scattering direction ll alio near grating, with 8 ,«*< n/2, then the 
express lone for k and g reduce to 



Only those consonants of the surface which satisfy these conditions contri- 
bute to the scattered fields. For forward scatter where tpg ■ 0. then k » 0 
and g*0, 180 ", Thus, the scattering is sero since only those surface com- 
ponents of wave cumber sero contribute and these are of sero amplitude. For 
the 90° bistatic case where * a n/2, than k • /Sko end f • ± e/4. Thus, 
those surface consonants of wavenuaber /5k 0 traveling along the bisector of 
the scattering angle coctrlbuta. For backseat ter, only components with 
wavenuaber 2k 0 traveling parallel to the scattering direction contribute. 

To the extent that the above nod els are valid, the scattering phenomena la 
Bragg scatter vtth the ocean surface acting like a diffraction grating of 
electrical spacing k. 

Experimental conf Iran t ion of this performance has been Obtained by a 
nuaber ef researchers. Figure 1 presents the beckacatter, frequency versus 
sssplitude spectrum of a region of the ocean surface located approximately 
4} km off Barbados Island and measured at a frequency of 2.9 MBs (Crombie, 
1970). According to Eq uation S, the scattered energy should appear at fre- 
quencies offset ± J 2gk 0 froa the carrier or d. 174 Ks. This la pteclaely 
where the measured scattered energy occurs. At the tine of this eeesura- 
tsect, the surface spectrua was highly directional with the dominant wsvaa 
moving toward* the radar In accordance with the westward trade winds In the 
area. 


SURFACE SPECTRUM MEASUREMENTS 

At Indicated above, the average power scattered from an incremental 
eras of the ocean surface for gracing Illumination or observation Is propor- 
tional to the eurface height spectrua at e particular vavenusber k. If the 
surface la illuminated at e number of wavelength* in the HF region, tbl* 
la equivalent to sampling the magnitude of th* aurfac* spectrum st a number 
of wavelength*. The RMS surface height is the Integral of the surface spec- 
trum over all wavenumbers . sines sampling at all wavenumbers cannot be 
accomplished, the portion of the spectrum not being sampled must contribute 
negligibly to the total potential energy of ths surface. Both experimental 
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measurements and theory Indicate that for wavenumbers smaller then eon* cut- 
off value, the aurface spectrum for a fully developed wind sea contains ne- 
gligible a- 'rgy ( Longue t-Hlgglns, 1969 end Chase, et.al,, 1957). For larger 
wave uumbet., the spectrum has approximately a k*“ dependence. One of sev- 
eral models for the spectrum of a fully developed wind tea predicts that 

2s 

J w(k,p)dp = 8(k) . ,01k' 4 exp <-2g/ .-» 2 > (l2) 

o 


uhere u la the aurface vlnd velocity. If this Is used in Equation A for a 
geometry In which - n /2 or grating Inoidenca, and 9 ( - 0, or scattering 
vertically upward then the cross section o w becomes 

Oyv * 4nk 0 4 coe 2 ® # |s(k 0 )J 

for so Isotropic spectrum. This function It plotted In Figures 2a, b, and 
c for Incident frequencies from 1-30 HHs and wind velocities of S. 10, and 
20 knots. At tha higher frequencies corresponding to higher surface wave 
numbers, the spectrum saturates at a value of -17 dbm. This value has been 
verified by experimental measurements of the type Illustrated In Figure 1 
'Hunk and Nleaenberg, 1969). 

Examining Figure 2a for 5 knot winds. It Is apparent that at a fre- 
quency of 30 MBs, the saturation value of s has not been reached and the 
received power will vary greatly between radiated frequencies of 3 HHs and 
30 HHs. For tha assumed spectrum, this amounts to a 170 db change. 81ml- 
larly, for a 10 knot wind, the difference la about 30 db, while for 20 knot 
winds, It Is about S db. For wind velocities such that the spectrum la 
saturated to 3 HHs or above, no aignlfleant change would occur. Thle would 
be the case for 30 knot winds or above. 

The RMS surface height la glvet. y the Integral over all wavenumbers 
of the surface height spectrum. For wavenumbers above the saturation 
point, the contribution to the Integral comes from the k*A dependence. For 
wavenumbers well below the cutoff point, the contribution Is negligible. 
Thus, the region In tha vicinity of the spectral peak Is the major unknown 
contributor to the wave height and la the region In which meaeuremente 
should be made. For an operating frequency range of 3 to 30 HHs, this cor- 
responds to a Surface with wind speeds of 10 to 30 knots. For either grea- 
ter or smaller wind speeds, the 3 to 30 HHs region 1s not optimum for wave 
height measurements. 

The curves given In Figures 2a, b, and c represent the magnitude of 
the surface spectrum with no directional effects exhibited. To obtain di- 
rectional Information, a bistatic geometry la used with tha receiver carried 
on a moving platform, l.e., a satellite or aircraft, and the differential 
Doppler shift Imposed on the signal from different parte of the surface Is 
used to obtain the directional Information. 

The geometry appropriate to such a configuration is one In which the 
positive x-axls of the coordinate system is assumed to lie along the mean 
wind direction, and tha receiver le moving with a velocity In a direction 
a degrees from the mean wind direction. The instantaneous position of the 
receiver relative to the transmitter la given by the polar coordinate 9, ® # , 
while the location of the surface region contributing to the scatter is gi- 
ven by the cylindrical coordinate p , ®. 

If the radiated waveform used is such that the received signal can be 
processed so as to resolve range and Doppler, the location of the various 
scattering regions on the surface can be determined. For example. Figure 3 
Illustrates constant time delay and Doppler contours on the surface for tha 
situation where the receiver la located at CPA and moving with a velocity of 
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8 km/ sec at an angle of 40° with respect to the naan wind direction shown 
as 0° in this Figure. This correspond* to * satellite at an altitude of 
400 km whose zenith point is 70 km from the transmitter. 

The constant delay contours are shown for 20, 30, and 50 sec delays 
and Doppler contours for «?.2, 0, and +?.? Ht Dopplers. It is apparent 
that for a specific time delay, a specific Doppler frequency can be associ- 
ated with each azimuthal location on the surface. There Is, however, a 
1800 Doppler ambiguity; for example at a delay of 30^sec t a Doppler shift 
of +2.2 Hz is associated with 107° and 336° azimuths. This can be resolved 
bv using the redundant data gathered from several range cells. 

Based on the associated Doppler, the magnitude of the field scattered 
from ell asimuths around the transmitter can be determined. With the 
appropriate geometric effects included, the contribution to the directional 
surface spectrum from each atimuthal direction can thus be determined. The 
received Doppler resolved sign*! scattered with a constant time delay Is 
illustrated in Figure 4 for the cases where the surface spectrum has the 
Phillips fora and is dirsctionally isotropic or cosine souered along the 
wind direction respectively. This Figure illustrates the vertically pola- 
rized field received at e satellite with s 10 MHz transmitted frequency. 

The satellite, located at a 400 km height, is moving 8 km/sec along a path 
oriented 40° relative to the surface wind direction at the transmitter and 
the subsstellite point is 70 km from the transmitter. The received signal 
is from those surface regions which have e range delay of 60t*sec relative 
to the direct signal path. The differences in the spectre are obvious with 
only those portions of the surface where waves are traveling down wind con- 
tributing to the cosine squared case. 


AN AIRCRAFT EXPERIMENT 

To determine the capabilities of the technique as a function of the 
system parameters and surface conditions as well as to validate a hardware 
and data processing approach, an experimental aircraft system has been 
assembled and a preliminary test conducted. 

For a satellite- borne HF bistatic sea state sensor, the orbital motion 
of the satellite and the resultant Doppler shift imposed on the scattered 
signal can result In Doppler spreads of as much as 40 to 50 Hs, and Dopp’nr 
processing to provide a l-Hz resolution would allow the surface spectrum 
directionality to be obtained with about a 10° resolution under these con- 
ditions. 

For a typical aircraft- borne receiver , however, the Doppler spread would 
be of the order of a few hertz. Thus, to achieve the same surface resolu- 
tion would require Doppler processing to a resolution of the order of 0.04 
to 0.05 Hz. This requires more complex hardware for en aircraft system than 
for the satellite case, and an FMCVJ waveform was chosen as the only approach 
capable of meeting the requirements which could be assembled using largely 
off-the-shelf hardware. 

The FHCW hardware conf lguration used in the experiment consists of two 
digitally controlled HF frequency synthesisers. One Is used to drive an am- 
plifier providing a power output of the order of 5 W and constitutes the 
transmitting equipment. The other is used as the local oscillator for the 
receiving equipment. An off-the-shelf HF communications receiver is used 
with this configuration. The two synthesizer# constitute the most critical 
and expanalva items, with the rest of the required components, such as the 
transmitter power amplifier, receiver, ate., available either as off-the- 
shelf equipment or assembled at BCL. The digital sweep controllers neces- 
sary to control and program the synthesiser switching so as to provide the 
required frequency sweeps were designed, constructed, and tasted at BCL. 

The basic FMCW system is relatively simple, in that the transmitter 
radiates a coherent waveform which is swept over intervals of 50 kHt at a 
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basic sweep rste of 500 kHz thus providlts 10 s w eeps per second. The fre- 
quency versus clue waveform is essentially « sawtooth in shape. At the 
receiver, the local oscillator is • ichronously swept over the see fre- 
quency interval at the same rate, except that the sweep starting points are 
delayed in frequency by an amount corresponding to the range delay bet ween 
the transmitter and receiver. The receiver local oscillator is also offset 
by an additional fixed amount corresponding to a desired IF frequency. This 
is in the HF band, and a conventional i, ounicatioos receiver is used as the 
IF a^iifier. The scattered signal, after nixing with the receiver local 
oscillator then has a spectral spread which corresponds to different ranges. 
At the receiver output, the signal for each sweep is recorded on analog 
tape. The amber of sweeps recorded is dete twined by the desired Doppler 
resolution. For exm^le. if *56 sweeps are recorded at a rate of 10 sweeps 
per second, e Doppler resolution of 0.04 Ha results. Typically, a 50 kHz 
bandwidth is swept 10 tiwes per second for >5.6 s. If 1*8 received signal 
sawples per sweep are obtained in an A/D converter, then sufficient data 
e; ists to generate 64 range cells with a 6-kw resolution per cell and 256 
Doppler cells with a resolution of 0.04 Ha per cell. These are generated 
digitally by the application of a Fourier tranaforw row by raw and then 
column by colun to the 1*8 X *56 matrix of data consisting of the 128 
samples pet sweep and the 256 sweeps. Actually, to save processing time, 
only the desired range cells are processed. Thus, only a few of the columns 
resulting from the first row-by-row transform are transformed. 

In terms of hardware requirements, the stability and spectral purity 
required of the transmitter and receiver local oscillator for the FMCW case 
are the same as for a pulse- Doppler system. For the FMCW waveform, however, 
no peak power problems exist and the IF bandwidth required in the receiver 
is colorable to that normally encountered in KF communications receivers. 
For exaeqtle. with the waveform parameters quoted above, an IF bandwidth of 
1.28 kHz is required. 

The FMCW approach does require good time synchronize t ion between the 
transmitter and receiver, however. For exaaple, a K$ t'ming error in the 
sweep start tine corresponds to a 0.3- km range error. 

The transmitting antenna system consists of a broadband vertical radia- 
tor and associated watching networks which are capable of operating satis- 
factorily over the range from 3 to 30 HHz. 

The receiving equipment consists of one of the synthesizers and its 
associated sweep controller, an antenna preamplifier, an automatically band 
svitchable RF preselector-mixer and a conventional covunications receiver. 
The output of the receiver is coherently reduced to a baseband frequency 
and is recorded on an analog tape recorder for subsequent A/D conversion. 

The experimental system was set up to transmit sequentially on 10 fre- 
quencies spaced from 3 Wz to 25 Mia. The transmitting equipment was in- 
stalled on the Coast Guard operated Chesapeake Bay Light Tower located at 
75° 42.8* West longitude and 36° 54.02' north latitude. The tower deck 
where the transmitting antenna was installed la located 90* above mean sea 
level and is 60' square. The average water depth in the tower area is 50*. 

On April 26, an initial series of flight paths were flown and data re- 
corded. In- so- far as can be ascertained, the bistatic equipment appeared 
to be functioning properly. The flight paths flown consisted of three cali- 
bration circles around the transmitting site at an altitude of approximately 
500* et a radius or « 1 mile, taring these 'lights, the transmitter was not 
sweeping and was transmitting pure CW at 3.15 tuia, 8.53 MHz, and 25.15 MHz 
<n succession. Following this, three along- wind t lights were made over the 
tower ;t an altitude of approximately 5000'. Each path waa flowr. for ap- 
proximately s 10-minute period. A similar series of paths was flown 1c the 
cross-wind direction. The system was sweeping properly during these flights, 
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(taring chin period, the surface winds vers fcos tbs SB at an average 
jpeed of 8 knots, lbs wove heights in the ores of tbs toner were visually 
estiaated to be 1 to 2* with 3* of swell ruining north. Am a result of the 
low wsvehoights, no useful laser prof! lone ter data was obtained, thus the 
■easured date coaid not be validated. 

The low sea state existing at the tine of the flight resulted in the 
signal- to- noise ratio of the scattered signal being suite low. For an 8 
knot wind, the cutoff point for the surface speerna is appro x inately 27 
MBs. At 3 IOs, tbs k c ** dependence of the scattering cross section conblaed 
with the rapid decrease in surface energy below the cutoff point resulted 
in little scattered energy. Although the data obtained is of no value for 
wave height da termination, it did allow the identification of several easily 
rectified minor hardware and operational problems and the exercising of the 
data reduction algorithms. Subsequent flights during periods of higher sea 
state should result in meaningful data. 


COtiCLDSIOB 

An experimental bistatic radar aircraft sea stats measurement system 
has been constructed end an initial flight taat conducted. It is antici- 
pated that the present experimental system can, with minor modifications, 
be used routinely for directional surface spectrum measurements when signi- 
ficant him heights range from 3 tc 13 feet. The present system utilizes 
s surface t r ansmi tter and an airborne receiver. Either this configuration 
or a surface receiver sad an orbital transmitter can be used for e satel- 
lite system. Because of the greater Doppler shift of the scattered signal 
for a satellite system, the hardware requirements are stapler. Table 1 
lists the system specifications for s pulse Doppler satellite system. 


TABLE 1. SATELLITE SYSTEM SPECIFICATIONS 


Transmitter 


Dower Output - 10 watts average 

Frequency - 3 to 30 Ifiz, switched in l to 2 MHz steps 
Stability - 1 part in 10* 

Spectral width - < 0.3 Bz 
Pulse width - 10 to 20 »s 

Antenna - vertical polarization, azimutbally omnidirectional 
Receiver 

Frequency - 3 to 30 MHz, switched in 1 MHz steps 

Noise figure - not critical 

Local oscillator stability - 1 part in 10* 

Tima synchronisation - not critical 
IF bandwidth - 50 to 100 kHz 
System bandwidth - 25 to 50 Hz 
Coherent integration time -Is 
Range gates - 3 or more 
Antenna - horizontally polarized 


The b lata tic system discussed here is presently the only all-weather 
system ospsbla of measuring the full directions! surface s p e c tr u m to assets 
t tally real time. Knowledge of the directional spectrum allows all of the 
surface moments to be calculated and determination of the statistical pro- 
part laa of the surface such as RMS heights, mean surface slopes, etc. These 
arc necessary for interpretation of seta lilts altimeter and scatterometer 
data. 
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Frequency Shift From Carrier, H 0 , Hz 


Figure 1. Experimental Backscatter Doppler Spectrum 
from the Ocean Surface at 2,9 HHa 
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Figure 2. Normalized Received Power Versus Frequency 
in MHz, Neumann- Pierson Spectrum 
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Figure 3. Coo* Cant Delay and Doppler Contours on 
the Surface for a Satellite Receiver 
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Figure 4. Received Doppler Spectrua for Isotropic 
and Cosine Squared Directionality 
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ABSTRACT 


Although many changes are taking place in the various fields of marine 
geodesy, what consideration should be given to changes in related fields? 

How will the marine geodesist react to the increasing confrontations with 
complex economic, political and environmental changes occurring with respect 
to offshore areas? The energy crisis aloue raises serious questions which 
are of vital concern to the disciplines of marine geodesy. In the inter- 
national debates over "Who Owns the Ocean", the varied expertise of marine 
geodesists should be ready to offer assistance which will help in the 
answering of legal, political and economic questions. New demands for 
maintaining and improving the quality of the ocean environment may place new 
and perplexing demands upon the science and technology of marine geodesy. 

The exploitation of resources raises numerous questions. In the economic 
considerations, marine geodetic efforts should proceed in harmony with govern- 
mental research programs as well as burgeoning marine industrial development. 
This paper reviews some of the obstacles to exploitation by private enterprise 
and raises the challenge of marine geodesy for a widening concern in solutions 
to these questions. 

INTRODUCTION 

1 want to discuss some of the related challenges that face marine 
geodesists today and in the days ahead. Although the excellent presentations 
of this symposium Illustrate many changes in advancing marine geodesy, it 
should be recognized that v'_ are also in the midst of complex economic, 
political, and environmental changes taking place in the coastal and offshore 
areas. The marine geodesist should be -ontirually updating bis knowledge and 
understanding of these changes in such a way rhat he is not deterred from his 
scientific and technological efforts. At the .~ame time he should be aware 
of the presence of these related developments a id proceed in harmony with 
their vicissitudes. 

The energy crisis alone has raised serious questions as to the growing 
shortage of fuels which threatens to decrease our 001100*8 output of goods 
and services. The search for solutions will extend more and more to the off- 
shore areas which are of vital concern to marine geodesy. Our Secretary of 
State , Henry Kissinger, in his first speech before the United Nations several 
months ago, stated that we are members of a society drawn by modern science, 
technology and new forms of communication Into a closeness for which we are 
politically unprepared. With each passing day, technology outstrips the 
ability of our institutions to cope with Its fruits. Our political imagina- 
tion must catch up with our scientific vision. ( 1 ) 
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In viewing the controversies raging over the question of "who owns the 
oceans**, in other words, what is happening with respect to '*Lsw of the Sea** 
questions, we must keep in mind that this summer there are crucial questions to 
be debated at the United Nations sessions In Caracas, Venezuela. At best, 
modest progress will be made; already the continuation of these meetings Is 
being arranged for Vienna, Austria in 1975. Out of these International dis- 
cussions there will come an Increasing need for the expertise of marine 
geodesy, for the legal and political questions cannot be properly developed 
without taking into consideration the inputs of your science and technology. 

The possible environmental changes tax the imagination. When we talk of 
such advances as offshore oil ports, nuclear power plants, oil drilling plat- 
forms, and related water transportation, we again see the Importance of the 
knowledge that is gained through marine geodetic efforts. What man does to 
the ocean may become as important to the marine geodesist as what nature does* 
This means new dimensions of measurement, new and sophisticated equipment, new 
methods of data analysis and Interpretation. The physicist, the chemist, the 
biologist and the engineer — even the economist and political scientist — 
must join forces with marine geodesists, across disciplinary lines, across 
organizational lines, across geographical boundaries — united around the world 
— to better understand the oceans.(2) 

COMPLEX DEMANDS, GROWTH AND PLANNING 

The contention here Is that for marine geodesy to make proper progress 
there muse be an appreciation of the tremendous complexity and significance of 
the area in which ve are bringing our expertise to bear. Ed Wenk has said 
that the principal issue permeating the coastal and offshore zones Is to pro- 
vide for many diverse ami conflicting demands and still obtain the greatest 
long-term social and economic benefits. (3) How do we work toward the solution 
of this principal issue? Several approaches have been evolving: On the one 
hand, the slow down or "stop" philosophy contends that Industrial progress 
should be curtailed or stopped. This may be all right in certain situations 
but generally, growth must be promoted rather chan hampered. The approach 
gaining rapid acceptance is that of coordinated planning for future develop- 
ment in the zone of marine geodetic actions. But the details of who does the 
planning may be troublesome. Should it be Federal or State government? Where 
does the United Nations organization fit in, particularly with respect to 
international waters where "Law of the Sea" problems are arising? 

ECOLOGICAL AND SOCIO-ECONOMIC CONSIDERATIONS 

Whether we look at the problems of planning and development off the coast 
of New England or California, or in Innumerable other regions of the world, we 
are confronted with the reality that (1) control of ecological and physical 
disturbances and (2) design of the environment are key elements of economic 
development and planning work. Most scientists, by the very nature of their 
concentration of efforts, have failed to effect a systematic, coordinated 
presentation of their diverse findings within the highly Interrelated ecosystem. 
Therefore, a pertinent objective Is to encourage planners and environmental 
analysts to become more aware of the Intricete interrelationships between the 
economy and the ecosystem, and between economic development and environmental 
management . (4) 

President Nixon made a very valid point about the oceans when he was 

dedicating the Ocean Science Center of the Atlantic at Skidway Island near 

Savannah, Georgia In October, 1970. He pointed out that on the one aide we 
will develop resources of the waters around us for the future benefit and 
progress of mankind, but on the other side, we will see to it that as we use 

the oceans ve do not abuse the oceans. However, it Is not necessary to make 

an elther/or choice between nature and progress. The two are not mutually 
exclusive. Each individual is s part of the ecological system. What must 
change is our attitude toward nature. On the part of some individuals or 
companies there has been a cavalier or "public be damned" attitude. But these 
attitudes can no longer be accepted. 

We must appreciate the fact that our offshore environment is a natural 
resource in and of itself and that it Is a scarce coanodlty with a large 
demand. In the words of Dr. T. D. Barrow, top official of Exxon Petroleum 
Company: "We must plan for its use. As Herculean as It will be, ve must make 
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an Inventory and an aaaasaaant of the activities and resources of our offshore 
areas. Only by an objective socio-economic analysis can we ever hope that 
technical considerations will be the bases for our future decisions." (5) 

FORMULATION OF USB PRIORITIES 

Following che making of an inventory of resources, a flexible framework 
of use priority must be created to obtain the greatest long-term social and 
economic benefits. The framework needs to be flexible in order to analyze the 
circumstances of each Individual case. Probably the best approach r 
determining use priorities is through the institution of performance standards. 
This means that according to local area circumstances and requirements, we 
might develop guidelines that could degrade, protect, or improve our environ- 
ment to any degree we wish or can afford. Activities within this area would 
have to meet these requirements. No use would be prejudicially excluded or 
included using this approach. Each individual crse would stand or fall on 
its own merits. It may be contended that this approach would incorporate new 
technology and science more readily than any other method. It would balance 
our economic considerations with our concern for the ecology, environment, or 
aesthetics. Only with an open mind, accurate Information, and plenty of 
cocmon sense can we hope to sake the proper decisions. (5) 

INTERDEPENDENCE OF ECONOMIC/ ECOLOG I C FACTORS 

Of high concern is the extremely complex Interdependence of economic and 
ecologic factors. For example, a decision to stop offshore oil development on 
the continental shelf of the East Coast Is not merely a matter of issue be- 
tween Eastern reridents and the oil companies. Any oil not produced from this 
area over the next three decades will have to be replaced by oil brought in 
by tankers probably from foreign sources. Thus, the risks of ecological damage 
in this offshore area from development must be equated to what are probably 
greater risks from tanker accidents in the New York, Philadelphia, or 
Baltimore areas. Furthermore, any gas not produced to fuel electrical genera- 
tion equipment may have to be replaced by increased nuclear generation capacity 
to satisfy the increasing demands for electrical power. 

MARINE GEODESY AND THE ENCOURAGEMENT OP PRIVATE INVESTMENT ENTERPRISE) 

Although exploitation of the wealth of the oceans may be more firmly In 
our grasp through the efforts of marine geodesy, there are still many questions 
that need to be addressed, for example: (1) How fast can private enterprise go 
and what are the obstacles being encountered? (2) Should the public interest 
require that public program# support some private undertakings? (3) What 
kinds of public programs would be most effective? 

The field of marine geodesy provides some answers to the scientific and 
technical aspects of coastal offshore, continental shelf and deep ocean re- 
source development. In support of these physical developments, socio-economic 
studies such as the following need to be made: (1) The development and growth 

of coastal lands and marine-oriented industries. (2) Studies dealing with the 
efficient use of ocean resources. (3) Studies of the efficient allocation of 
scarce public funds for marine programs and projects. 

OBSTACLES TO EXPLOITATION BY PRIVATE ENTERPRISE (6) 

Although marine research is experiencing modest growth, the immediate out- 
look has been enhanced by the energy crisis. Despite the efforts going forward, 
all of this is still on a very small scale in contrast with the Immense task, 
and compared with other programs, which, in the long run may be less promising. 
One might well question why Industry has not made greater Investments in 
oceanic exploitation, and why those who have made some research expenditures 
have not developed them into commercially successful processes. Vhat then are 
these obstacles which prevent rapid development of marine resources? 

1. Although it is well agreed that ocean resources are becoming 
Increasingly valuable, there is considerable uncertainty as to when this will 
actually happen for various products. 

2. Some hesitancy results because of the possibility that one firm may 
develop better technology before the original innovation is put to actual use. 
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3. Much of Che necessary marine research is such that the whole 
Industry may benefit from the research being carried out by a single company. 

4. One of the greater deterrents to seabed exploration Is the question 
of International Jurisdiction in areas beyond our territorial limits. As 
mentioned above, great importance is attached to the United Natloos Law of the 
Sea Conference being held this summer at Caracas, Venezuela. 

5. There is hesitation by the financial community to make loans avail* 
able for marine resource development even where early pay-off seems possible. 
However, this is more true with smaller companies than large corporations 
which are more able to reinvest profits derived from other activities such as 
in petroleum development, or electronics fields. 

6. The outlook of the national program of ocean science and technology 
is uncertain. 

7. There is always the possibility that alternative land resources will 
be developed in such a way that this would deter marine developments. 

ENCOURAGEMENT OF OCEANIC EXPLOITATION THROUGH GOVERNMENT MEASURES (6) 

Exploitation of the oceans, as exploration of space, requires innovations 
in managerial methods and government-business relations and in international 
cooperation. One of the objectives of a Federal marine science program, ac- 
cording to the Marine Resources and Engineering Development Act of 1966, Is 
to contribute to the "encouragement of private investment enterprise in explora- 
tion, technological development, marine commerce and economic utilization of 
the resources of the marine environment." Although this implies a preference 
for private activities, nevertheless, there are functions that can best be 
performed by direct Government operations. These activities are summarized 
here: 


1. There are basic needs such as mapping the ocean floors, studying 
characteristics of the oceans, and surveying the potential resources of the 
oceans, which are a prerequisite for a step-up of private activities in this 
field. Such activities are now carried out by Government and private (mostly 
nonprofit) research organizations on a small scale. Research into the 
potentially undesirable effects of oceanic exploitation and other activities 
on the oceans is a matter of some urgency. I eluded are such concerns as 
thermal pollution ftom nuclear or fossil fuel power plants, the concentrated 
bitterns of desalination plants, and numerous other forms of solid and liquid 
industrial and urban vastepollution. 

2. There is a need for training of scientists and engineers in marine 
geodesy, oceanography, and oceanic engineering. 

3. There is the need for developing the infra-structure for a more rapid 
development in oceanlcs, including an advanced weather service. (Here, 
cooperation is taking place between rpace research and oceanographic research.) 

These three functions are of an "overhead" character for the general 
benefit of all oceanic exploitation to be undertaken or at least financed 
mainly by the Government. Some of these research activities would be desirable 
even *f tr ere were only a limited need for resource exploitation. 

4. There is need to assist private enterprise in the development and 
testing of technologies suitable for oceanic exploitation. The need for 
Government support Is based on the fact that major development investments by 
private Industry are not likely to be adequate because of the uncertainty 
about the time when these investments are likely to pay off, as wall as other 
special risks involved. 

b. There Is need to support research and promote International coopera- 
tion on the possible use of the products of the ocean. This Is particularly 
the case for unconventional food, the use of which has to overcome serious 
obstacles. 
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THE CHALLENGE OF SERVING THE PUBLIC INTEREST 

We arc here today because each of us has some appreciation of the 
tremendous complexity and significance of the potentials and challenges which 
are before us in the offshore areas. Our aim has been to bring Into clearer 
focus a discussion of the very Important long-term task for Government and 
private enterprise because It deeply Involves the public interest of the 
United States and the international community. But perhaps our friend. Dr. 
Barrow of Exxon whom we have referred to above, has summed up the problem of 
balancing Interests best of all in this statement: 

What is needed today from government, from business, from science 
and technology, and from the private citizen is leadership which 
is realistic rather than dogmatic; leadership which can Identify 
not only its own best Interests but the true public Interest in a 
given situation, and reconcile the two; and, pbrhaps most of all, 
leadership which greets change with an open mind. 
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ABSTRACT 

This paper deals with a conceptlonal geodetic approach to solve various 
oceanic problems, such as submersible navigation under iced seas, demarca- 
tion/deteralnatlon of boundaries in open ocean, resolving sea-level slope 
discrepancy. Improving tsunami warning system, ecology, etc., etc. ."he 
required instrumentation is not described here. The achieved as well 
desired positional accuracy estimates in open ocean for various tasks ar*. 
also given. 


1. INTRODUCTION 

Since over a decade scientists have been Involved with precise location 
of stations in the oceans for obtaining gravimetric, geophysical and ocean* 
ographlc data. The first published psper, proposing s method for the 
establishment of such station, is the result of the research done at Lamont 
Geological Observatory [Ewing, et si. 1959, pp. 7-21]. Bring called such 
stations as "Ceodetic bench marks at sea", which ware established by using 
the 80PAR sound transmission, by which the high geodetic accuracy cruld not 
be achieved. George Mourad [1965, p. 5*10] proposed a geodetic method for 
eatabllshlng the ocean-bottom bench marks, by using satellites, EDM- and 
sonar instrumentation. As sonar instrumentation Is the only way for under- 
water measurements, Mourad Introduced a new term "marine geodesy" to 
differentiate it from the classical geodesy. Ws will see later In sections 
3 and 4 that to solve most of the problems, precisely located stations on 
tha ocean-bottom are needed, which could be considered partial or local 
geodetic nets, thus the term "marine geodesy" appears to be very appropriate. 
We would define marine geodesy as the science which defines end establishes 
control -points in and/or on ocean, and the shape of the ocean, including its 
floor. 


This paper describes a study of the published research, the drawbacks 
of the classical marina geodetic technlquea, a conceptlonal approach of an 
ocean-bottom control-net and the problems such a conceptlonal approach can 
solve. 


2r PRQPMH 

The problem (application) areas could be classified either according to 
the physical aspects of the ocean (on the oceanic surface or within oceanic 
water) or according to the scientific and practical needs. The following 
scientific problem areas have been partially mentioned in many publications 
[Anon, 1972b; Kaula, 1969; Loomis, 1972; Mourad and Pubara, 1972): 


257 



SAXENA 


a. Topography and Happing 

b. Positioning and Navigation 

c. Boundary Demarcate on and Determination 

d. Sea- level Slope Determination 

e. Tsunami Warning System 

f. Recovery of Underwater Objects and Equipment 

g. Ecology 

h. Gravity Measurements at Ocean floor 

i. Ground Truth and System Calibration. 

It Is worth mentioning here that -jur effort will be concentrated on 
the subsurface (underwater) problems. 

a. Topography and Mapping. As the resources of the ocean bottom 
become more developed, the need for an extensive survey of its topography 
increases. Projections indicate that by 1980 a third of the oil production* 
four rimes the present output of 6.5 millions barrels a day - will come from 
the oceans fAnon, 1969, p. 85]. Further for laying cables and oil pipe- 
lines, for emplacing geophysical and geodetic station at the ocean floor, 
for determining the dump-sites and new land acquisition (similar to Hawaii 
Experiment to acquire land from the ocean for airport expansion), and for 
bathymetric navigation a reasonably good knowledge of ocean-bottom topography 
is necessary. How far are the oceans mapped can be realized from the 
following statement [Cohen, 1970, p. ix]: "When a student recently t '‘quested 
a government agency to send him "a map of the uncharted areas of the 
Pacific," he received exactly that--a graphic based on extremely sparse and 
dated information. It is deplorable and dangerous fact that this situation 
still exists in vast ar*as of ocean. For much of the Pacific, the most 
recent source of information is the United States Exploring Expedition which 
Lieutenant Charles Wilkes led in 1838." 

b. Positioning and Navigation . Positioning and navigation can be 
subdivided into ihe following three categories: 

(i) General Navigation (long range) . This includes ships ana other 
vehicles on the ocean surface. Its accuracy requirements are most probably 
met with the existing Navy Navigational Satellite, and in future with the 
stationary satellites using doppler systems. However, navigational accuracy 
requirements for certain fishing "boats" is +45 m; thexe boats are used up 
to 300 miles off coast in up to 250 fathom depths [Anon, 1972b]. To achieve 
such accuracies better navigational systems are required. 

(If) Submersible Navigation (short ran^e) . The short range 
submerslbles are used for underwater research, for multipurpose exploitations 
on the continental shelf and deep oceans. Iheae small vehicles are usually 
battery operated, and are brought to the work-area from where they initiate 
their operation. Their navigation system is limited within 5 mile range 
with capability of pinpointing their position to +1 foot in each of the 
three dlmentions of movements; this +1 foot accuracy is with respect to 
local control. 

To achieve this accuracy three basic types of devices are used: sonar 
dopplor system to obtain speed and distance, sector display system for 
passive target location ami general collision warning, and sonar buoys for 
position fixing. The last system using sonar buoys is of interest to us. 

Ihe conventional position determination underwater is done by emplacing 
three transponders on the ocean-bottom, whose known positions along with 
sonar range date arc used to determine the unknown position of the 
submersible. Details of this system and its drawbacks will be dealt with 
In section 3. 

(lit) Submersible Navigation (long-range) . To this group belongs the 
submarines (Polaris i.e., missile and non-missile) and the submarine cargo 
tankers. Ihe systems used for submarine navigation Include 3 SINS (ship's 
Inertial navigation system), Doppler and Loran-C. Due to the lack of precise 
information regarding submarine navigation, which is a classified area, let 
us evaluate the accuracies of the above mentioned systems. 
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Although SIMS Is a self -contained ijrscw, which ne e ds 00 external 
reference, its accuracy is low, caused by an inertial drift of 108 a/hr 
which is accumulative with respect to tine. To update SIMS, doppler 
observations are regularly nade by "popping up" the doppler pole auteooa 
over the ocean surface after a few days, and also continuous positioning 
is done using Lorao-C floating antenna, which always remains on the ocean 
surface, the positional accuracies obtained by doppier (Mary Navigation 
Satellite) is + 0.22 n.a. and by Lorao-C + 0.5 wiles up to 1000 miles and 
+ 5-15 miles beyond 1000 miles off coast Tteck, 197* . p. 40-50]. As such 
the total accuracy of submarine navigation can not i#e better than + 0.5 
■dies (+ 800 meter) up to 1000 miles and + 5-15 miles beyond 1000 miles off 
che coast. 

These accuracy estimates might be satisfactory for long-range submarine 
navigational requirements so far as they can obtain measurements fnm 
Loran-C aad doppler. But the problem remains for the following two 
submarine navigational needs: 

1. Submarine navigation under ice-capped jeeaas . where one has to 
depend only upon the S IN' systems , which have a drift rate of 2.6 km/ day. 

To update SINS uoder iced seas, the only possible way is sonar navigation 
by providing ocean-bottom transponders along th* desired route. Such a 
technique could open an easy aad fast way of transporting oil from the 
Horth -lope of Alaska. 

2. Short ■*t- submersible navigation beyood 1000 miles off coast. As 
toe short raage 'mersible is brought to the work-area due to its limited 

5 mile range navigation system, their ‘‘carriers" - the long-range sub- 
nersibles - should have their positional accuracy within + 5 miles when they 
are bey od 1000 miles. Ibis is h owe v e r not the case. Thus we require better 
navigational system at least for those long-range submersible* which 
cooperate with short-r-vjge submersibles. 


c. Boundary Demarcation and Petermtnaticn . The boundary demarcation 
ciuld He either 'or national, international or commercial purposes, 
international boundary limits, which include national limits, for territorial 
seas sod fi? .log jurisdiction are mostly fc. thin 12 n.m from the coastal 
line, seldom up to 200 n.m l Anon , 1972a, pp. 1 IB- 121}. boundary deternir - 
tion and demarcation up to 12 n.m from the coast can be done by using ETi* 
Ins trumen tattoo. The demarcation In Tree ocean, such as 200 n.m limits, 
remains an i-isx»lved problem. 

Further continental she Ives/ slopes and free oceans are being searched 
for mineral resources and fuel Cgas and oil). As the existing port 
facilities are inadequate for huge oil tankers, p la..* are to -oostruct 
super-ports in the ocean fat away from the crowded not -deep enough coastal 
area. Recomended are construction of large m. clear power plants in the 
ocean for the ocean will serve as the logical coolant {Shoupp, 1973). A 
nuclear power plant is under consideration for the Pacific Ocean - off the 
California Coast (Hwang, February 7, 1974 - Personal Covnun lea Cion] . All 
these developments make the ocean very valuable. To accomodate all these 
groups interested in gettit^ their share of ocean, it should we divided in 
cells and leases granted ro the interested grot . Leasing of cells involves 
legal definition of underwater boundaries and > ir practical demarcation 
k-oaei necessary specially when the lease Lid from the oil industry went as 
high as $27,400 per acre (Anon., 1970a, p. 215!. According to Jones and 
Smith (Anon, 1970a, p. 2191 an accuracy of + 25 feat is satisfactory for 
practically all work performed ir. the development of an offshore oil field. 

In deep -ocean after 100 tiles from the coast this accuracy is not yet 
available, though perhaps technologically feasible. 

Thus the situation remains the sane whether che boundary determination 
is for oil exploration, for super port site or for nuclear power plant site. 
Due tc the high leasing cofts Che boundaries in the pecans have to be 
determined accurately up co + 10 s, 
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4. SseUasL Petscmi— tlon- X he oceanographic moIt$, an both 

cbe Pacific cod Atlantic Coasts of the O.S. , iodicat « a slope Jwart Co 
Che north, vich the large mag nitud e oa the Atlantic Coast. Mif i rn a a 0.8. 
Levelling net adjustment of 1963 iadicaCa a rise la see- level from south Co 
north. viCh a slope of 2.8 a 10~ 7 so both sides (S targes, 1974. p. 90). A 
discrepancy of about 1 a exists becueea geodetic and oceanic levelling in 
aorta-sooth direction. 

If s V 10 ca scco r sc y coaid be achieved in determining the ocean depth 
st a particular point, i.e. , between the oceao surface and the ocean- bottom 
transponder, the discrepancy between the geodetic and oceanic levelling 
could be resolved. 

Once the three-diamosional position of the oceao-bettoe transponders is 
known, change of voter coluan height with an accuracy of + 1 am could be 
nsaeured by the water-pressure sensor [Locals, 1972. p. C-15]. Thus the 
aver ag e sea- levels for certain stations on the Pacific and the Atlantic 
coasts could be determined, from which the comparison of geodetic and 
oceanic levelling results can be made. 


e. Tennant Mamina System . Tan oral a are long sea waves, which are 
generated by a sodden vertical faulting (shift) of the sea- floor associated 
either by an earthquake with its bypoc enter (focus) beneath the sea bed or 
by a submarine landslide caused by an earthquake with its epicenter possibly 
on land. 

The abrupt vertical displacement of sea floor is transmitted to the sea 
surface aa a crest or a trough. The wave Chen propagates in all directions 
across Che entir e ocea n basins with a speed, which is a function of water 
daptfa, glm by ✓ g.h. where h ■ water depth. In Che open ocean 1000 neCer 
deep, a rarnral wave will have Cbe speed of 100 a/sec sod Che wave height 
is lftalEed to s few meters, normally a few tenths of a meter according Co 
(Bailee, 1963, p. 319-20; Loomis, 1972, p. C-9 Co C-10); aad about 30 cm 
(Zetler. 1972, p. 26-22), but the principal wave-length nay be of the order 
of some hun dreds of kilometer, end the principal wave-period of Che order of 
some tens of mi nates (Bailee, 1963, p. 319). 

As these waves approach the coastal slopes, the wave-length decreases 
end the amplitude increases, building up to destructive heights. In 0- end 
V- shaped inlets the tsunami wave can reach a height of the order of 20-30 
meters with so on-rush speed of above 10m/ sec (36 km/hr). 

D estruc tive tsunami waves have been almost entirely restricted to Che 
Pacific Ocean where 90-951 have occurred (Loomis, 1972, p. C-10). Ibey have 
tended to be generated in approximately 15 specific seismic areas in dm 
approximately 36,000 mile earthquake and volcanic belt circumscribing dm 
Pacific; only about half of these are currently active. However, Che active 
areas are limited to approximately 15,000 miles. 

Hm existing tsunami warning system with h e adqu a r ters at dm M0AA 
Honolulu Observatory uses so array of 21 seismograph and 41 tide stations 
around cbe Pacific. The initial warning of a potactlal tsunami is Che 
recording at Che Honolulu aod Tokyo Centers, of an earthquake of 7.0 magni- 
tude or lar?» within the Pacific area. The location of an epicenter for 
such an ear. quake is usually computed in less than an hour. The tide 
stations near dm epicenter are then asked to report their data and to 
confirm If a tsunami wave has serially been generated. 

After reviewing the seismic sod tlde-guage data, aod the past histories 
of the known tsunami origin points and their destruction areas, a decision 
to issue a tsunami warning is mads. For localities oear din epicenter 
warnings may be issued oa seismological data only (Zetler, 1972, p. 26-27). 
TWo- thirds or more of all tsunamis warnings are false alarms [Loomis, 1972, 
p. C-U). 
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Tins «t Uce three problems: 

(i) Oar p rese n t *Wllty to predict tmnwls is practically 
unsatisfactory; 

(ii) Brio after a tsunami has been generated, its ener g y density and 
its velocity of p rop aga tion in open sea is impossible to predict; and 

(ill) The most set loos problem is Use fact that the propagation 
velocity of f iinmt in shallow areas is strongly affected by Che ocean 
bottom topography and shore line coo tears, and as a resale a sobs tan tie 1 
portion of energy in a particular f s en ami can be fo cus se d on a relatively 
small segment of the ocean shoreline, uhere the most destructive effects 
are experienced. 


f. Re c o v er y of Pndetmator Objects and Bmiiemt s . Scientists working 
with sub m erg e d instn— n tat ion face a basic uncertainty about the rec o ve r y 
ef the instrumentation from the ocean. Oceanographers and geophysicists 
have often mentioned choir failure to re co ver most ef their submerged 
equi p me n t. The fact that Che ocean bottom transponder net with 3 Crass* 
ponders -array-configuration is used In the test areas, it appears Chat either 
this ? transponder configuration is oot functional, or the geodetic 
technique is oot closr to Che users. Whatever any be Che r e ason , Che 
problem to recover Che valuable scientific equ i p me nt fron the ocean remslni 
Co be solved. 


g. Ecology . For ecological reasons tread is to dispose of the garbage 
1) the oceans at pre-selected sites. Experiments ere being conducted how 
in America end in Japan for finding a suitable way for ocean waste disposal. 
The by -pro du cts of this ecology experiment are: (i) cities have no njce damp 
site problems, end (11) acquisition of "new land** fron the oceans; .ucb 
ideas exist to obtain 'W land** fron the ocean for airport expansion in 
Hawaii. 

the garbage undergoes chemical casts and treatment; before c om p ac ting 
the garbage in rectangular bundles, it should have a well-defined chemical 
composition and density. These garbage rectangular packages can than be 
dumped at pre-selected sites, for which a good knowledge of ocean bottom 
topography and s good positional accuracy of cfae dump vehicle (ship/boat) 
are necessary. Both of these requi re m en ts are lacking. 


h. Gravity Hossurements sc Ocean Floor . Gravity work and other 
geophysical surveys in the oceans could neither be interconnected nor 
connected to a datum. According to Bsndersbott [Loomis, 1972, p. C-14] for 
meaniogful results Chase surveys should be connected to some ocean-bottom 
control net, which does not yet exist. 


i. Ground- truth and System Calibration . It is surprising chat the 
existing instrumentation for measuring water depth in free ocean can not be 
tested for its claimed accuracy due Co non-existing civilian facilities for 
calibratloo [ Thompson, 1973). However, there exist 5 naval calibration 
sites [Anon, 1970b, p. 118). 

.a Table 1 ere shown Che accuracy requirements for various tasks as 
estimated by various studies. In die iAst column are given our estimated 
accuracies. 


3. SOLUTION OF PROBLEMS AMD COWCKPTOAL AFP BnACHm 

The ab o ve -mentioned problem areas can be solved by means of (A) a 
Global Karine Geodetic Control-Rat (GH6CN) on the ocean-floor, (0) Advanced 
Satellite Instrumentation (ASI), and (C) Underwater Sooar Instrumentation 
(USI). 
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SAXKM* 

a. Global Marina Geodetic Control-get (CWCCB) 

The idea of a global marine geodetic control net (GMBCB) was first 
mentioned by Being and his associates ( 1959] . and later modified by Hour ad 
[1965?. Being proposed SOFAR sound transmission to ■assure distances 
between two bench-narks where a bench nark was defined as the point on or 
below the eater surface fros which the round-trip travel tine to all the 
three ocean-bottom acoustic transponders , placed at the corners of an 
equilateral triangle, would be equal. Mourad proposed geodetic (electronic 
distance Measuring inatn— ents), acoustic (sonar instrument) and space 
(satellite instrumentation) techniques. 

The deficiencies of Che above-mentioned systems are: 

(1) The accuracies given by them are not "realistic", as these ocean- 
bottom arrays were neither connected to any geodetic coordinate system nor 
any provision wss made for such s connection, which is one of the main 
objectives of EOPAP. 

(2) Although a ship is used to determine the positions of the ocean- 
bottom transponders, 1 (ship's) coordinates are considered errorless, 
which are either obtain - by Wavy Navigation Satellite or by airborne 
techniques (Lorac) to an accuracy of a few dek smote ra or more (30- 100m) 
[Loomis, 1972, p. IV-6]. Thus che accuracies of transponder positions are 
derived from in-error ship positions. 

(3) Transponder depths are used in the computations. These are not 
Che measured quantities, but are computed from slant ranges between the ship 
and the transponders. To be mathematically rigorous, the depth should be 
measured quantities sod due weights should be applied to them. 

(4) The mathematical derivations are rigorous in the beginning, but 
are approximated later, thus Introducing modelling error . 

The above mentioned deficiencies can be overcome in Che following way: 

(1) An ocean-bottom transponder array should consist of 4 transponders 

instead * he conventional 3 in each array; thij will avoid the singularity 
of the _em, and also will be useable if one transponder ceases 
functioning. However, a study Is imperative to find how many transponders 
are necessary in one ocean-bottom transponder array. We have also to think 
bow these transponder arrays are placed: before emplacement of these 

transponders a reasonably large area (25-40 miles squares) of the ocean 
bottom is mapped using Depth Sounders. Then a smaller flat area propor- 
tional to its water depth is selected for transponder arrays. This water 
depth-flat area ratio limits the array configuration, and hence the number 
of transponders in each array. For practical reasons the tens bench-mark 
should be defined physically as a particular transponder of a particular 
array and not as a fictitious point as defined by Owing, et al. [1959] and 
Hourad [1965]. 

(2) The number of transponders la each array could be decreased to 3 
if somehow Che directions between the ocean-bottom transponders and the 
ocean-surface transducer could be determined. These directions would 
provide necessary constraint to the control-net, thus avoiding the 
singularity and providing a unique solution. A system to measure the 
directions between two sound sources can be designed with the existing 
technical knowledge similar to that of Electronic Angles Measurement Systems. 

(3) The depths of the transponders should be actually measured, and 
then compared with the computed depths. The only problem in this is that 
there are no exactly known depths in the free ocean, which can be used as 
ground- truth to verify the accuracy of these modern sonar instruments 
[Thompson, 1973). rhe instrument (Innerspace Autotrack Model 404) can 
measure depths up to 10,000 meters with an accuracy of + 4.36 m. This 
optimistic accuracy estimate takes Into account three sources of error 
(assuming a constant velocity ot sound 4800 ft/sec.): (1) timing accuracy 
cf the oscillator (+0.00 25X) (il) resolution of the display (+0.3 m) (iii) 
reply integrator time constant (.1 to 10 ms). 
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H o wev e r, the above accuracies are quite swell c omp ar ed to die effect 
caused by the difference between the actual and assumed velocity of sound. 

A 10 ft/ sec velocity difference will coa tribute to an error of 2.041, which 
is one magnitude larger than the accuracy of the system (0.041). Thus to 
obtain geodetic accuracies, it would be necessary to determine s profile 
of the sound velocity vs. depth and then to calculate the average velocity 
at the location of interest. 

(4) The transponder arrays should be connected to some geodetic datum, 
which can be achieved by using an Active Laser Satellite similar to Geole 
system of DIALOGUE Project [Thieriet, 19721. "floating buoy reflectors" on 
the ocean surface sod ground-based reflectors at known stations. Thus s 
truly unified global network can be achieved even in die remotest ocean 
areas. 


(5) A rigorous mathematical model is necessary, and the use of die 
gravity information should be made. 

(6) To make the transponder arrays more versatile to be used also as 
a geophysical statior for tsunami warning. It should consist of a water- 
pressure sensor and a vertical seismometer, both of these would be on the 
ocean floor {Loomis, p. C-15J. A study of the essential las t rumen tation at 
the ocean-bottom transponder site to enable it a multi-purpose station is 
necessary, for which discussion with oceanographers, geophysicists and other 
users are needed. 

b. Advanced Satellite Instrumentation 

An active laser satellite like Geole system of Dialogue Project could 
be very useful. The Geole system should obtain accurate positioning of 
slowly moving points (like buoys) to + 1m over one-day measurements, and to 
+ 10- 20m every two hours from ooe single measurement (Thieriet, 1972]. The 
satellite will be at 3500 km height and will make the measurements. 

c. Underwater Sonar Instruments 

As the only form of radiation, which propagates effectively underwater. 
Is sound, it is most important for underwater measurement. The sonar 
instruments operate on a fixed theoretical sound velocity (4300 ft/ sec), 
although velocity of sound depends upon the conditions of the water layers 
(salinity, pressure, temperature) and depth of water. How to calculate the 
correct velocity at required depth or the average velocity during many water 
layers has been achieved by determining a profile of the sound velocity vs. 
depth, and then to calculate the average velocity. 

What has not been done and should be done is to verify the accuracies 
of these instruments, which indirectly will involve verification of the 
calculated average velocity. There is no calibration range for civil 
scientific purposes, although five test ranges exist for naval use {Anon., 
1970, p. 118]. 

A comparatively easy development of an acoustic instrument to determine 
directions between two sound sources is necessary to lessen the number of 
transponders in each array. 

The conceptions 1 approaches mentioned in this section can be 
summarized as follows: 

(1) An active laser satellite around 3500 km high in circular orbit 

is necessary. Thus the position of floating buoys/ships could be determined 
within + 1 to 10 meters, which will further improve the ocean-bottom 
transponder position. It will also connect the ocean -bottom transponder net 
to a unified global datum, and damarcate and determine the boundaries 
(national, international, leasing) in the open ocean to a high accuracy. 

(2) Underwater sonar instruments require calibration for which a 
Civilian Test Range is needed. A new development to determine the direction 
between the sound sources is necessary so as to lessen the number of 
transponders in each array. 
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Just t LI las crate how oar conceptions 1 approach can be used to solve 
the problems neatioaed in Section 2, it will be applied to improve the 
Tsunami Warning System. 

Conceptual Approach for an Improvement in Tsunami Warning System . As 
mentioned earlier that two- thirds or more of all tsunami warnings are false 
alarms, the existing Tsunami Warning System needs improvement. 

Van Dorn i Loomis, 1972, p. C-12] suggested that stations should be 
located on the ocean floor (sod not on the continental shelves) off the 
seismically active belt. Be suggested a 6 station critical net as follows: 

1 station off Japan 

2 stations off the Aleutians 

2 stations off South America 

1 station off the South-western Pacific Island. 

Zetler (1972, p. 26-27] mentions that if a tsu.iami could be det ect ed 
on the open ocean, it would be very valuable to the warning system. 
According to 2etler, it does not seem likely that space craft/satallite 
measurements could be helpful for tsunami detection in open ocean. 

It is quite evident that tsunami data from the open ocean is very 
valuable to improve the existing tsunami warning system; this could be 
achieved by combining laser and ocean-floor station data. 

A system could be designed using the existing technology: At 

"suitable** locations on the Pacific ocean-floor acoustical transponder 
arrays could be placed. Each transponder should be equipped with water 
pressure sensor, vertical seismometer and other essential instrumentation 
to make it a multi-purpose station. On th» ocean surface are placed 
stabilized platforms (floating buoys) whose bottom is mounted with 
acoustical transmitter /transponder and upper surface with a laser reflector. 
The active laser satellite of DIALOGUE type could position these reflectors 
(slowly moving objects) to ♦ 10 m for one measurement, and + 1 m from one 
day data; the range accuracy is + 2 m and radial accuracy + 2 am/ sec 
[Thieri.ec, 1972]. 

The sonar data from the ocean-bottom transponder will pr»/ide the 
relative position of the "floating buoy" in all the three dimensions. 

Bote that the sonar data will be always available on conaand; but 
laser and satellite data will be available only when the satellite is in 
that region. 

Operational Procedure : After the recording of an earthquake of 6.3 
magnitude (lids, 1970, p. 3) and consequently locating its epicenter, Che 
ocean-bottom transponders, the surface buoyf and the laser satellite will 
be asked to report their "height difference" data at one minute interval. 
Thus a complete record of the wave-height a. d its speed can be computed, 
this "sonar" height data is measured automatically and with the speed of 
sound, wh'ch is approximately equal to the velocity of P—«aves (1.5 k*/aec) 
(Bullen, 1963, p. 321]. Whereas the tsunami speed in open ocean of 1000 m 
depth is only 100 m/sec. Thus the tsunami warning - after reviewing the 
sonar, laser and seismic data - could be issued more reliably within minutes 
after the earthquake occurence. 

Due to the fact that a harmless tsunami wave of tt : open ocean may 
become destructive reaching the shore depends upon the topography of the 
continental slope and of the continental shelf, a few transponders/ floating 
buoys have to be located in this region. 


4. CONCLUSIONS AND RECOMMENDATIONS 


Although it has been shown that a multi-purpose ocean-bottom control- 
net can solve various problem areas, i thorough research in the following 
areas is urgently needed: 
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(a) AccuraclM Available and Required . The instrumentation accuracies 
as given by the manufacturer have to be evaluated. Ibis will require study 
of investigations done by various users using the instrument under evalua- 
tion. After diis evaluation it could be decided which instruments should be 
used for obtaining the specific accuracies. 

Also needed is a scientific survey of users' accuracy requirement. 

Ibis is a very difficult task as most users do not want to discuss their 
desired accuracies. 

(b) Simulated Network Design . A basic simulated network design by 
using the modern instrumentation is necessary as this is the ‘'back -bone" of 
the entire operation. For such design (me has to consider primarily, the 
users' requirements, the configuration criteria, and how best a l.brid 
system can be used. 

The important advantage of ocean-bottom transponder net over satellites 
is that satellites can track for a limited time when they are above a 
particular station, while ocean-bottom transponders can either track 
continuously or can be activated on command, this is very important for 
tsunami warning system. 

The network design can be conducted in three stages: (1) Unit Array: 
Configuration and number of transponders necessary In one array; the type of 
observations needed; tyne of instrumentation in each array and/or at each 
transponder to make it a multi-purpose station; (2) Regional Net: Configura- 
tion of transponder arrays in areas of scientific interest and in practical 
problem areas, like boundary determination; (3) Clobal Net: Eventually to 
plan aru design a global net based upon scientific regional nets mentioned 
in (2) above. 

The network design in each of the three stages should be ~ w uuec ted to a 
geodetic datum. 

(c) Ocean Surface Determination . The existing discrepancy between 
geodetic and oceanic levelling should be clarified. This could be done by 
using a regional net in the areas of discrepancies. 

(d) General Navigation . Inertial navigation systems, which usually 
have large drift rates, can be updated with geodetic information. A study in 
this area, probably supplementing inertial navigation ays toss with gradlo- 
meters, could provide a solution to other specific navigational problems. 

(e) Master Plan for Ocean-bottom Network . Looking at certain publica- 
tions, it becomes clear that some users and scientists have their "own" 
transponder net on the ocean bottom. It will be worthwhile at least to plan 
a global network, using the existing scattered transponder nets, if possible. 

A master plan should be prepared which should provide information about 
the transponder types, their locations and working frequencies, obtained 
data and type of data. 
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ABSTRACT 

The horizontal gravity anomalies are known at the lower harmonic degrees of the earth from 
satellite data. However, little gravity anomaly data exists at the higher harmonic degrees which 
are of primary concern for high performance inertial navigation systems. Present day inertial 
navigators have reached a performance level where the horizontal gravity anomalies are the 
predominant error source. 

The paper consists of two parts: 

1 . Definition of problem. 

2. Theoretical solution of measuring gravity anomalies on a real time basis using gravity 
gradiometer, statistical model of gravity field, with Kalman integration of inertial 
navigation system. The accuracy of gravity anomaly measurements to be expected 
under various cciditions such as vehicle speeds, altitude and gradiometer errors are 
discussed. 

I. INTRODUCTION 

This paper discusses the analysis of an airborne or shipboard gravity field mapping s/stem 
for real time determination of the gravity gradient, gravity and undulation anomalies. The study 
was originally prompted to determine the errors induced by horizontal gravity anomalies on high 
performance inertial navigation systems and to explore possible approaches for correcting them 
One promising method is the real time measurement of the horizontal gravity gradients and 
deriving the gravity anomalies from them. The main purpose of the analysis was to establish how 
to integrate the gravity gradient measurements with the inertial navigation system ?nd what 
gravity gradiometer performance levels were required to be useful. A Kalman filter integration of 
the gravity gradiometer, the inertial navigation system using a statistical model of the eirth 
gravity field was formulated and a computer analysis conducted for various vehicle velocity 
altitude and instrumentation errors. 

A slight variation of this system was subsequently investigated to explore how accurately 
the various anomalies of the gravity field could be measured using the additional information 
available, such as periodic position update of the inertial navigation system from external 
references, deterministic anomaly data of the gravity field known from surveys or satellite 
information and a gravity meter. This approach to moving base gradiometry is attractive in that it 
does not involve the development of a new instrument nor electronic or electromechanical 
requirements beyond the present state of the art. The rotating accelerometer gravity gradiometer 
rather depends on systems technique to accomplish the very difficult problem of moving base 
gradiometry. 
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Tlie conclusion drawn by this analysis is very encouraging A gravity field measuring system 
consisting of available inertial navigator and gravity meter. Kalman integrated with a gravity 
gradiometer could map the anomalies of the gravity field to a high degree of accuracy. The 
mapping could be achieved on a real time basis and hence large areas could be covered in a short 
time Gravity anomaly data at the higher harmonic degrees of the Geoid would becor.*- available 
where at this time little information exists. 

Bell is presently developing a moving base gravity gradiometer for the Technology 
Directorate of SAMSO USAF using a slightly modified version of the proven Model VII 
iccelerometcr mounted on a rotating fixture and hence our interest in this subject. This 
gradiometer is not the subject of this paper. 

II EFFECT OF HORIZONTAL GRAVITY ANOMALIES ON INERTIAL NAVIGATION 
SYSTEM 

Horizontal gravity anomalies affect an inertial navigator m the same minner as 
accelerometer noise. Gravity anomalies at or near the Schuler frequency drive the Schuler Loop 
and cause velocity, position and attitude oscillations which generally increase as a function of the 
square root of time This is schematically shown by block diagram Figure I Since acceleration 
errors predominantly propagate in the Schuler Loof tnd since the orthogonal horizontal gravity 
anomalies arc not highly correlated, this simplification of an error model of the inertial system is 
permissible. 

The latest generation of high performance inertial systems have attained a performance level 
where the horizontal gravity anomalies are in fact the major error source and hence the present 
interest in moving base gravity gradiometry The estimated navigation velocity error of an aircraft 
flying at 30.000 ft and at ^40 knots is illustrated in Figure 2. A gravity anomaly with a one sign);* 
value of 40 milligals and correlation distance of 200.000 ft has been assumed. With an undamped 
Schuler Loop and in the absence of other errors the estimated velocity error will exceed 2 ft/sec 
after 4 hours of flight. 

III STRAIGHTFORWARD INTfcGRATlON OF GRADIOMETER WITH INERTIAL 

NAVIGATION SYSTEM 

Multiplying the appropriate horizontal gravity gradients with vehicle velocity and 
subsequent time integration yields the change in the horizontal anomaly from a reference point 
The instantaneous horizontal anomaly can be expressed as follows. 

t t t 

=/ / W xy V* / *x, V 7 Jt fx„ 

o o o 

where 

g is the horizontal gravity anomaly along the x coordinate axis. 

W xx . W xy . and W xz arc gradients of gravity, 

V' x . V y . and V^, are the components of the vehicle along the navigation coordinate. 

g xo is the reference horizontal anomaly along the x coordinate in port. 

g x is the instantaneous horizontal anomaly 

A similar expression can be written for the orthogonal honzontal anomaly gy and the vertical 
anomaly g / 

If the /radiometer had no errors, the simple process ot multiplication an integration would 
result in perfect compensation of the honzontal gravity anomalies However, a realistic error 
model must be assumed, including bias W| >tas . white noise W wn and possibly some correlated 
noise W cn These gradiometer errors will also be multiplied by vehicle velocity and time 
integrated to yield the following horizontal anomaly error. 
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I 

She * / < w BtM + W wn + W r )V<1, + Soe 
o 

where 

is the anomaly error at the reference point, 
is the computed anomaly error, 

other terms have been defined previously. 

The error block diagram for straightforward integration cf a gradiometer is illustrated in Figure 3. 
The gradiometer error model is shown on the lefthand side exciting the Schuler Loop described 
previously. 

Even a smalt bias will eventually integrate to an acceleration error larger than the gravity 
anomalies to be corrected. Moving base gravity gradiometry is an extremely difficult 
instrumentation problem, one EU producing a difference of acceleration of only Iff 1 * gat two 
points 10 cm apart. A gravity gradiometer bias must therefore be expected and a s>stem devised 
which will tolerate this. 

IV. KALMAN INTEGRATION OF GRADIOMETER AND INERTIAL NAVIGATION 
SYSTEM 

The conventional integration of the gradiometer with an inertial system discussed in the last 
section cannot achieve the ultimate performance capability of the combined systems because the 
implied characterization of the gravity Held is inaccurate. In particular, by assuming the output 
of the gradiometer is the gradient, the white noise and bias errors of the instrument imply a 
similar characterization of the physical gravity field itself. Such a view results in both the gradient 
and gravity anomalies having unbounded power spectra. Much is known about the statistical 
nature of these fields. The Kalman integration discussed in this section utilizes a more accurate 
characterization of the gravity field along with a modeling of the gradiometer instrument itself to 
arrive at an optimal integration of the gradiometer and navigation system 

The statistical characterization of the gravity gradient, gravity and height undulation 
anomalies which has been assumed lor the Kalman filter is illustrated on Figure 4. Power spectra 
as a function of earth harmonic degree used with one sigma content of 24 EU. 43 milligals and 
27 meters respectively. The correlation distances are 200,000 ft and 15.000 at sea level 

This characterization of the Gcoid gravity anomaly field can be modelled in the frequency 
domain as shown by the blc.k diagram on the right The break points corresponding to the 
correlation distances are generated by feedback functions Vll/Di + I/D,) and Vt I D, D, ) 
respectively. 

Representations of the anomaly field in this manner usually raises a number of questions 
since power spectra from deterministic data may not be exactly like this. A few words of how 
this model of the earth gravity gradient field is used is therefore in order. The white noise of the 
gravity gradiometer is represented in Figure 4 by a dotted line. Gradiometer bias would be 
represented by an infinite spike at zero frequency. The purpo«e of the modelled gravity gradient 
anomaly power spectra is to decide for which portion of the frequency domain the gravity 
gradiometer signal is used and for which portion the experienced horizontal gravity anomalies are 
allowed to disturb the navigator At the very low frequency end tlow harmonic degrees) it would 
be unnecessary to accept gradiometer null bias and low frequency noise when the actual gravity 
gradient field has little power The same is true about the high frequency end. The gradiometer 
signal is only wanted where the gravity gradient anomaly field has a higher power spectral density 
than gradiometer noise. If errors are made in the characterization of either spectra, suboptimal 
filtering will occur with little change in the results, as long as the assumption is not out by orders 
of magnitude. 

Gravity gradients dimmish rapidly with altitude becauie of averaging effects An extra break 
point has been added to the power spectra which varies inversely with altitude (V/h) and results 
in a reduction in the one sigma gravity gradient anomaly value to 17 LU to 20.000 ft but with 
representing the effect of altitude on the gravity power spectrum is an assumption at this time to 
show a trend 
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Block diagram Figure S illustrate* the Kalman filter integration of the gravity mapping 
system. The inertial navigation system is shown on the lower right hand comer. It is being 
disturbed by the experienced horizontal gravity anomalies and corrected by the modelled ones. 
The gravity field model at the lower lefthand comer is the same as discussed previously. The 
gradient anomaly output from the model is compared to the measured gravity gradient anomalies 
by the gradiometer and the difference fed to the Kalman filter. Should gradient information of 
the model and the gradiometer be perfect no error signal to the Kalman filter would exist or be 
required. However, the gravity gradiometer output will contain random noise and bias, and the 
gradient signal from the model will initially be zero. Hence, a correction signal to the Kalman 
filter will develop. The Kzlman filter output corrects the gravity anomaly field model as well as 
the gradiometer ereor model. 

Additional inputs for the gravity mapping field system can be obtained from deterministic 
undulation anomaly information from satellite observations. This would yield improved gravity 
anomaly mapping accuracies at the low harmonic degrees of the earth, as there is little gravity 
gradient information at the low frequencies. It will also be useful in reducing the settling out time 
in response to gravity gradiometer bias. The undulation data in this case would be stored in a 
computer. The output of the gravity anomaly model and the stored undulation data are 
compared and the difference fed to the Kalman filler similar to the gravity gradient anomaly 
error signal. 

Position updating at the navigator is permissible for the mapping mission where secure 
operation is not an issue. It reduces the navigation system errors and provides additional 
correction signals for deriving the gravity anomaly field data. This is also shown on Figure 5. 

For the vertical gravity anomaly channel, a gravity meter is substituted for tne undulation 
anomaly map as an additional mapping aid. Precision gravity meters such as the BGM-2 (Bell 
Gravity Meter) are excellent for measuring vertical gravity anomalies in the low frequency 
domain, but require fairly long t.me constant filters to remove higher frequency noise and vehicle 
accelerations. The vertical gravity anomaly output of the model on the other hand yield good 
data at higher frequency. Figure 6 is a block diagram of the vertical axis Kalman filter integration 
of the gravity anomaly mapping system. 

V RESULTS OF COMPUTER ANALYSIS OF GRAVITY ANOMALY MAPPING SYSTEM 

An error model of the gravity anomaly mapping system outlined in the previous section was 
analyzed with a computer to program the accuracies to which gravity gradients, gravity and 
undulation anomalies could be measured. Two principle cases were selected, at sea level 
travelling at 20 knots and at 30.000 tt flying at 300 knots. 

The computer progrjm is flexible and amenable to characterizing of each subsystem 
performance with bias, white and colored noise. Gyro dnft. accelerometer bias, undulation map 
accuracy, gravity meter performance and updding were characterized as described below on 
fable I The gradiometer noise, being the object of this analysis, was varied from I to 5 EU as 
rr<ca»ured over a 10 second period for the airborne case, and 5 to 20 EU for the shipboard case. 
No biases were introduced for this because the mapping system compensates for bias after an 
initial settling-out period The analysis so far has been carried on limited in-house funds and we 
have not been able to investigate even a small fraction of the conditions the system is capable of 
evaluating 

A DISCUSSION OF RESULTS 

The computer derived horizontal and vertical gravity anomalies as a function of g ravily 
gradiometer noise is shown on Figures 7 and H. Gravity gradiometer noise is defined by the 
one-sigma randomness as measured over a 10-second period The gradiometer noise spectrum has 
been assumed to be white lor this analysis The role of the gravity gradiometer for deriving ihe 
horizontal gravity anomalies and the vertical ones are different and separate discussions for (he 
two cases are given. 

I . Horizontal Gravity Anomalies 

Figure 7 shows that at sea level and low speed a 10 I U gravity gradiometer will result 
in accurate mapping of the horizontal gravity anomalies to better than 4 milligals. For the 
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highspeed airbo^c case on (he other hand a I EU gravity gradiometer is required. There are two 
reasons for this. 

a. At lower speed the Kalman integration provides longer tints constant filtering for 
the gradiometer noise because the gravity anomaly power spectrum it trar dated from the spatial 
to the frequency domain by vehicle velocity. 

b. There is less power in the gravity anomaly field at higher altitudes because of 
averaging effects, and hence less accurate mapping of the higher harmonics of the gravity 
anomalies is possible. 

Not explicit in this data is the fact that the horizontal gravity anomalies are very 
accurately mapped at the higher harmonic degrees of the geoid where little information is 
available at the present The region of accurate mapping is defined by the intercepts of the 
gravity gradiometer white noise and the gravity gradient anomaly power spectre shown on Figure 
4. The remaining mapping error of the horizontal gravity anomalies as shown on Figure 7 lie in 
the intermediate region of harmonic degrees where the undulation map has little information and 
the gravity gradients are small. A better undulation anomaly map than assumed for this analysis 
in combination with a 1 EU gravity gradiometer could result in near perfect mapping of (he 
horizontal gravity anomalies. 

A few additional observations can be made. Position update of the inertial navigator, 
which for this analysis bounded the navigation error to a one-sigma value of 220 ft. does not 
significantly help in the gravity anomaly determination for the airborne case. For the sea-lcvc) 
case the position update measures the raw gravity anomalies of 42 milligals to about 28.9 
mitligals without using a gravity gradiometer. 

The primary purpose of the undulation anomaly map for this analysis was to assist in 
the settling out of initial conditions. Near steady-state values were achieved in 12 hours at slow 
speed and 1 .5 hours in the aircraft travelling at 300 knots. 

2. Vertical Gravity Anomalies 

The relationship between the mapping accuracy of the vertical gravity anomalies and 
gravity gradiometer noise is illustrated on Figure 8. The primary roll of the gravity gradiometer in 
this case is to fui*nish gravity anomaly at the higher frequencies where the vertical 
acceleration of the vehicle prevents accurate gravity determination with a gravity meter alone. A 
rather severe vertical acceleration input of 0. 1 g one sigma with a correlation time of 1 5 seconds 
has been assumed. 

For the shmboard case the determination of vertical gravity anomalies deteriorates to 
3.73 milligals without a gradiometer. Since it is unlikely that mapping mission would take place 
under the vertical accelerations assumed (SO ft. waves at sea for example) them is little need for a 
gravity gradiometer This is born out by the survey data obtained by the U S Navy for the 
BGM-2 (Bell Gravity Mct.r). 

A good gravity gradiometer with a noise of I EU would make accurate airborne 
gravimetry possible The reason for the deterioration of vertical gravity anomaly data with a 
gravity meter alone is similar to the one given for the horizontal anomalies. Less smoothing of the 
vertical vehicle acceleration is permissible at higher speed 

Good knowledge of the altitude ol (he mapping vehicle has been assumed 
B CONCLUSION 

A moving base gravity gradiometer would .nakc accurate real-time mapping of the geoid 
gravity anomaly field possible using available gravity meters and inertia) navigation systems. A 
gravity gtadiomet-r with a performance of I EU as measured over a 10-second period will he 
required for highspeed airborne gravity mapping vehicle while a 10 EU gravity gradiometer will 
suffice for the sea-level low-speed case. 
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Figure 4. Characterization of gradient, gravity and altitude anomalies of Geotd. 
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Figure 5. Block Diagram • Horizontal Gravity Anomaly Mapping System 



Figure 6. Block Diagram - Vertical Gravity Anomaly Mapping System 
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ESTIMA1ED HORIZONTAL GRAVITY 
ANOMALIES IN MILLIGALS 
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Figure 7. Estimation of horizon*'! gravity anomalies as I unction of gravity gradiomcter noise. 
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Figure 8. Estimation of vertical gravity anomalies ?s function of gravity gradiorr.eter noise 
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ABSTRACT 

The satellite Itimeters proposed for the GEOS-C and SEASAT missions 
have potential to provide valuable information which could lead to the 
eve ;ua! definition of sea surface topography. In the first instance, this 
paper concentrates on the development of techniques for obtaininq geoid defi- 
nitions from mixed data sets consisting of oceanic “geoid heights" deduced 
from the altimetry, and gravity anoma* «s largely in continental £-eas, *rom 
solution of the geodetic boundary value problem. It discusses how data sub- 
ject to significant systematic errors with substantial wavelengths can be 
successfully used in the ~ -adratures evaluation cf such solutions. 

Arguments are outlined for the incorporation of gravity f le’d models 
with errors at the 5^ level in the disturbing potential, in the system of 
S? ‘ertic reference. The adoption of such a procedure would permit a conmon 
model to be used both in the solution of the boundary value problem, as well 
as in orbit determination, on re inforcement with the appropriate resonant 
terms. The adoption of su»*.i a procedure would be an important first step in 
minimi 2 >ng the influence of systematic errors in the gravity model on deter- 
minations of sea surface topography. The advantage of quadratures methods in 
high p-“c»sion determinations lies in the elimination of prohibitive matrix 
inversion problems, provided conditions for convergence can be established 
by appropriate modification of the data acquisition procedures. 


I. introduction 

The successful operation of the alti-«ters on the GEOS-C and SEASAT 
miss ?r.»s (NASA 1972) could well open up a new era in which high precision 
techniques ’in geodesy may provide opportunities for the eventual achievement 
of some financial return on the high instrumentation capital outlay for 
obtaining the observat iona I data. Imfortant tasks are the determination of 
sea surface topography (APEL 1972) anu a systematic assessment of its variation 
with time. The term sea surfa-* * topography is used to define the departure 
of the sea surface from an equipo*. ntial surface of the Earth’s gravity field. 
The existence of such phenomena on a quas i-stat ionary basis has been implied 
from meteorological and other oceanographic data (e.g. , STURGES 1972) in open 
oceans, and apparent stationary values deduced along coastlines from the com- 
parison of the results of geodetic levelling and tide gauges (e.g., MAHON t 
GRCIG 1972). It should be stated that the sea surface topography deduced in 
the latter instances is the subject of controversy in that it is not consistent 
in several cases with the magnitudes estimated from oceanographic 
considerations (GOOFREY 197j; STURGES 1973). 

The geostr^phic effects associated with significant ocean currents 
givn rise to sea surface topography at the 1-2 m level, which could be 
detected and monitored by satellite altimetry if: 

(a) the instantaneous geocentric position of the sea surface were 
known at the 10 cm level; and 
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(b) the ocean geoid were defined with rerpect to the geocentre to ±10 cm 
for obvious reasons (e.g., see MATHER 1973b, figure 1 for an illustration). 

Such monitoring could have potential cost benefit, especially in navigation if, 
for example , an accurate knowledge of ocean circulation could save even \\ of 
fuel consumption. Such economies, when assessed in terms of projected growth 
in world trade over tne next 80 years, even on 1972 fuel costs, could well 
amount to hundreds or millions of dollars per year (source of figures - MAE 
1972). 


At the present time, • j global network of tracking stations is 
available to permit the Jeterminat ion of the geocentric position of a space- 
craft to ±10 cm. Relative orbit determinations over res.ricted areas are, 
however, possible where th% radial component of the orbital position can be 
determined with a precision equivalent to those of the tracking systems, even 
though the alom, track component is more weakly determined by about an order 
of magnitude (AGREEN & SMITH 1973). The principle error source in this case 
•s the uncertainty in the definition of the gravity field used to model the 
spacecraft's perturbations. 

The altimeter on GEOS-C is expected to have a resolution of ±50 cm 
in the short pulse mode. It is the expectation that the use of 10 cm laser 
tracking systems to observe the spacecraft during altimetry should define the 
changes in the radial component of the satellite's position at the resolution 
level of the altimeter. Such data could be used to study sea surface topo- 
graphy in limited areas of interest, where the phenomenon is significantly 
larger than the noise le'.el of the altimeter, provided a geoid profile with 
suitably small relative error between the terminals could be defined. 

Areas of interest in these terms are the north-east coast of 
Australia (ROELSE ET AL 1971) and the Gulf Stream (STUR6ES 1972). While the 
existence of the latter has H een deduced from oceanographic considerations, 
the former is the subject of controversy and an independent evaluation could 
provide fresh insights into the nature of the coastal phenomenon. While 
altimetry does not provide an exact verification of coastal comparisons, it 
could be a source of independent information on whether or not the discre 
pancies are purely coastal in nature, and whether they are in any way cor- 
related with aspects of the inter-relat ions between the coastline and the 
shelf sea-bed. Successful resolution of this phenomenon, even on a local 
basis, would provide pointers on how best to initiate experimentation In this 
area using the SEASAT mission altimeter' vhich are exp cted to have a resolu- 
tion about 5 times in excess of the insi**« nt on GEOS-C (WASA 1972) 


The difficulties encountered in sea surface topography determinations 
at the present time using the above methods arr the following: 

1. A model for the vari» ions in the disturbing potential at the 
surface c 1 the Earth is still unknown at the U level. 

2. The geocentric position of the spacecraft cannot be defined as yet 
at the decimetre level. 

One of the major goals of the GEOS-C mission is the improvement of the defi- 
nition of the gravity field (CHOVITZ 1972). Broadly speaking, the altimeter 
data h is fitted to a set of orbital parameters a. and a set of grav*’ tat ional 
field parameters using observation equations or the form 


v - h 

c 


3r 

s 

i 


c . 
a,. 91 



0 ). 


where u Is the unit vector normel to th* ocean surf.ee, r and r are th. geo- 
centri c n vectors to the satellite and sub-satellite point on the ocean surface, 
dr Is a radial offset term due to orbit determination error, and c , c^. 
being the corrections to the adopted parameters. 


Another set of equations similar in form could be constructed around 
the laser ranges A from the tracking station to the spacecraft. The altimetry 
could therefore be used conceptually in this manner to determine the corrections 
c . to the representet ion afforded by the adopted coefficients g. and thereby 
i^rove the definition of the gravity field. This type of approach could be 
us d either with spherical harmonic models or a variety of other representations 
such as surface density models (e.g., KOCH 1970), sanpling functions (LUNDQUIST 
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G GIACAGUA 1$72), etc. 

It is obvious that this stage, where it is hoped to l.nprove the gravity field 
model large 1 '* Hy using satellite altimetry data in the sparely surveyed ocean 
regions, mc't piv^. is the geoid determination which is needed for the definition 
of sea surf. *.e topography. The precision eventually sought is ±10 cm, though 
only at wave sngths equivalent to the satellite altimetry (say, 100 km foot* 
prints). An representation of the gravity field which can provide a geoid 
definition wl h this degree of resolution requires about 10' - 10 s parameters 
for adequate odeifng (MATHER 1973a .Q. 75) . it would appear that significant 
problems hav< to be overcome in the practical use of modeling techniques 
involving so many parameters in the context of the computer technology available 
at present. 

Alternatively, it .-ould be more practicable to compute the required result from 
solutions of the geodetic boundary value problem using data representing 10* - 
10 2 * 4 surface elements k *ovided the data were not subject to systematic errors of 
long wavelength (lBID t p.b7*8) . Solutions preposed fo r this problem at the 10 
cm level have acknowledged the possibility of only a sing'e type of data, t.e., 
gravity anomalies. On present indications, the types of data available for 
solutions of the geodetic boundary value problem will be: 

(a) gravity anomalies, mainly in continental arecs; and 

(b) “geoid heights" derived from altimeter ranges. 

The inter-relations between evaluations from these two types of data within the 
framework of a solution of the geodetic boundary value problem capable of de- 
fining the geoid *n oceanic areas to ±10 cm, are discuss .* in section 3. 

A discussion on the acceptable limits of accidental errors and systematic 
effects in the data type (a) above is available (IBID,pp.63*9h Sec* ! on k 
deals with the specific problems liekly to be encountered when evaluating the 
result using quadratures procedures for geoid heights in oceanic areas. 

Section 5 looks at the problems encountered in sea surface topography determi- 
nations from satellite altimetry and the available gravity data with a view to 
obtaining the best possible geoid definitions for this purpose. 


2. GUIDE TO NOTATION 
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set of surface harmonics of degree n in the representat ion of T 
element of solid angle 
Stokes' function 

set of surface harmonics of degree n in the representat ion of Ag c 
global mean value of X 
*(t ♦ 3 cos ^) 

ocean geoid height (• C in oce*n!c regions) 

Stokesian contribution to C 
indirect effect 

geocentric distance; subscript refers to point of computation 
radius of Brillouin sphere p 
2R sin 

disturbing potential of solid Earth and oceans 

T on Brillouin sphere _ 

set of surface harmonics of degree n in the representation of T 

potential on surface of rotating equipotent ie) reference ellipsoid 

potential of atmosphere 

potential of the geoid 

azimuth 

norma) gravity at Earth's surface 
gravity anomaly at the surface of the Earth 


Ag c • Ag ♦ 2 (V/R) ♦ dV/3h ♦ (R - R)(;»Ag/^h) ♦ off 

Jo' ’ - i9 - 2(W - U )/R 

c o o 

C * height anomaly (equal to geoid height in oceanic regions) 

^ « angular distance at geocentre between computation point and do 
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2. SOLUTIONS OF THE GEODETIC BOUNDARY VALUE PROBLEM FROM ALTIMETRY DATA 

A solution has been proposed for the geodetic boundary value problem 
which is capable of defining the oceanic geoid to ±10 cm, provided sufficient 
gravity data were available (MATHER 1973a). This solution has been developed 
so that: 

(a) the location of the reference ellipsoid used in defining the gravity 
anomalies is known in relation to the geocentre (Earth's centre of 
mass) ; 

(b) spherical harmonic representations are used in the intermediate 
modeling of parameters only under conditions where Laplace's equation 
is satisfied; 

(c) orthogonal properties of surface harmonic representations are used only 
under c i rcimstances where such relations hold without approximation; 

(d) the el 1 ipsoidal reference figure is recognized; and 

(e) the relevant topographic effects are allowed for. 

For consistency, this requires that the potential of the atmosphere V 
and its gravitational effects be separated from those of the solid Earth and 
oceans before computing the disturbing potential T and using it in the besic 
equations relating the gravity anomaly &g to the height anomaly C and the 
gradient of the disturbing potential. It Is also necessary that the topo- 
graphy (i.e. , elevations) can be considered to constitute a continuous field in 
a two dimensional sens*, at the surface of the Earth, which is also assumed to 
be non-singular. A sin. ; lar condition is also considered to apply to the 
disturbing potential at the surface of the Earth. 

It would not be unreasonable to adopt these assumptions in the case of ocean 
geoid determinations as most of the problems arise when disturbed regions, where 
these conditions may not be fulfilled on a scale equivalent to that of the 
element of surface area used in the quadratures evaluation, are dose to the 
point of computation. 

The resulting solution can be expressed conceptually in the form 

N - N s ♦ N c (2), 

where N & is the Stokesian term, given by 

W -U _ Hfig > Jr // 

\ - -V“ - R — * Fy jj fM d0 ,3) - 

all terms being defined In section 2. The form of H c is given in (I Bl D,p.k£) . 

It is conserved vely estimated that over 90* of power in the solu- 
tion is con tali. .;d in what is commonly c*Hed the free air geoid, given by 
equation 3 with Ag ••eplaced by the gravity anomaly Ag. Ine use of a "higher" 
system of reference which models the Earth's grav i tat ional field more closely 
than the gravitating equipotent ial ellipsoid of revolution, is also possible 
as discussed further in serclon 5 (MATHER 197*0. R in equation 3 is the radius 
of the Brillouin sphere which is concentric with the reference ellipsoid and 
includes all the Earth's topography. The solution outlined in equation 2 is 
oriented towards defining the ocean geoid to ±10 cm concomitant with the re- 
quirements of sea surface topography deter,*. nations, but from a global coverage 
of gravity anomalies with an uncorrelated error of representation of ±3 mGal, 
equivalent to a 10 kr.i grid in non-mountainous areas. 

Complete oceanic coverage of gravity anomalies still appears to be a 
long range c.al which will probably not be realised in time for the SLA5AT 
missions at the end of the decade (NASA 1972). An alternative type of data 
which should be available for the representation of the gravity field in 
oceanic creas are the "geoid heights" inferreJ from satellite altimetry to the 
ocean surface. The quotation marks are used because the heights deduced r efer 
to those of the ocean surface above the referer.ee figure. The former cannot 
be assumed to coincide with the ocean geoid. These differences, which may be 
character ized by amplitudes of 1-2 m and wavelengths which could be as large as 
80°, require careful consideration when attempting the definition of the geoid 


2*2 
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with a resolution which Is possibly an rrder of magnitude omcller. 

In the first Instance, consider the relevance of the definition of the 
boundary value problem which Is the Inverse of that due to Stokes (i.e., 
gravity anomalies from geold heights In the case of a spherical Earth with no 
matter exterior to the bounding equ \ potent ialj , generally attributed to Molo- 
densky (HQLODENSKI I ET Al 1962, p. 50). The main deficiency In using this 
approach for sea surface topography definition is that the gravity anomalies 
so computed (in what Is presumably an intermediate stage in the use of a so- 
lution of the type described by equations 2 and 3) do not contain an estimated 
20% of the signal - largely contributions of short wavelength - which are 
damped out as a consequence of the nature of input altimetry which represent 
finite area footprints- Further, the use of this kind of information in a 
subsequent direct solution of the geodetic boundary value problem is a rather 
exhaustive computational process. in addition, as integration ‘s implied 
over the surface of the Earth and distant zone effects, having long wavelength 
character I sties, are not negligible, the continental areas require represen- 
tation and have to be dealt with in a manner similar to that described in 
section k. 

Useful information can be obtained by formulating a solution of the 
boundary value problem where the dominant contribution provided by the Stokes 
term, wth over 90% of the power of the solution, can be obtained by quadratures 
evaluation based on "geoid heights" from satellite altimetry data, rather than 
gravity anomalies; the former is a data type which should hopefully provide 
global oceanic coverage of adequate precision (see section k) , at least in the 
next decade. 


To achieve the objective of a replacement for equation 3 which represents 
the dominant effect, by one which can handle "geoid heights" from satellite 
altimetry, subject to the limitations outlined above, it is necessary to go 
back to the basic equation from which it Is deri ved(MATH£R 1973a, p. 37) 


T 




nrfl 


(k). 


where are the set of surface harmonics in the spherical harmonic represen- 
tation of the disturbing potential T of the solid Earth and oceans exterior to 
and on the surface of measurement, which is the surface of the Earth to the 
order of accuracy required for geoid determinations (±10 cm), given by 


T * I • "■*’ 

n-0 R 

Other symbols are explained in section 2. On defining Ag 1 as 


(5). 




n*0 A n+2 ' 

which takes the values -'g 1 on the B-'illouin sphere, given by 

A “ 


-g 1 * l (n-l) 


=TT - Z . <V 
n*0 R n«0 


( 6 ), 


(7), 


where G n is a set of surface harmonics, it can be recognized that 
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n«0 


2n-»1 
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Ag ’ ♦ /2ff 


( 8 ). 


In the generalized Stokesian treatment which has equation 3 as its end-product, 
the procedure adopted is to use equation 7 to transform equation k into the form 
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2rr»1 . 

i (n«1 ) n 


da, n#l , 


whose solution is (l81D,p.*il) 

T s - 2(W 0 - U 0 ) - R M{ig c ) ♦ ^ fj f(«) i9 c <)a (9). 

the relation between Ag £ and Ag ' being given In section 2. 

It can be seen that the adoption of a surface harmonic representation 
for A g ('■ effect) gave a solution which is in terms of a kernel containing 
Ag an& Si xes' function f(^). It would be equally valid to adopt a surface 
harmonic representation 
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for T on the surface of the Brillouin sphere and obtain a solution of equation 
4 In terms of a kernel containing T (and hence N ir oceanic areas to which it 
is related by the generalized Bruns equation (I BID, p. 25) 

N - I (T - (W q - U q ))+ V *0(10**111} ( 11 )). 

and some function of say M(i */) , such that 

-^(Ag' + - ft" f (*) Ag - M(4-)T (12) 

r 


on surface integration, as both Ag and T are harmonic on the Bril levin sphere. 
The form of M(C') can be obtained al follows. On adopting the zonal harmonic 
expansion 
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for r" 1 , separating the term of zero degree from the other terms, and on using 
the orthogonal properties of surface harmonics on the Brillouin sphere, the 
inclusion of equation 10 in equation I- gives 



which can be written as 

T s - Hit) ♦ jr [■«(«) T da *15). 

The use of the relation at 13 gives 
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Differentiation and evaluation as R * R, when (R - R cos v) ♦ 2R sin 7 $, and 
r > 2R sin J*, gives p p 

M(;) • **(1 ♦ 3 cos ;) 06). 

Thus the adoption of the expression 
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all quantities being described in section 2, define alternative methods of 
computing the Stokesian contribution, providing over 90t of the signal, in 
solutions of the boundary value problem using either gravity anor»alies or 
"geoid heights" from satellite altimetry. 


If the kernels in the two integrals were interchangeable e simple 
answer would be provided to the complex problem of quadratures evaluation of 
the boundary value problem when data of different types is available for rhe 
representation of different areas on the surface (e.g., gravity anomalies in 
continental areas and "geoid heights" over oceans). Such interchange 
unfortunately invalid because the existence of surface distributions of T and 
Ag is implicit in the derivations of these expressions when utilizing the 
prSpertles of surface harmonics in integrations on the surface of the Brillouin 
sphere. The lower alternative in equation 17 is nevertheless of value In 
studying the role satellite altimetry car. play in geoid determinations for the 
evaluation of sea surface topography. 


3. QUADRATURES EVALUATIONS OF THE GEODETIC BOUNDARY VALUE PROBLEM FRO* 

LARGELY ALTI METRIC DATA 

Either alternative in equation 17, when used in the proper context in 
equations 2 and 3, is capable of providing oceanic geoid determinations to *10 
cm provided the data is good enough for the purpose . For example, in deter- 
minations from gravity anomalies, a goal of *30 cm precision in N wouid require 
that the errors in the values adopted for the representat ion of one degree 
squares to be held to below *3 mGal (MATHER 1973a, table 2) with no correlation 
between the errors in the representation of contiguous squares, calling for 
an even sampling of the grav.ty f'eld in the square with 15*20 readings. Simi- 
larly, the magnitude of correlated errors in gravity anomalies which have nodal 
points about 500 km apart should on the average be less than 0.5 mGal. 

For gravity observations which, at the present time, tend to represent 
continents and their immediate environs only, the principal sources of such 
errors are due to: 

elevation datums not lying on the same equ i potent ial surface (geoid); 
gravity s tsndardi/ ion network errors; while these are estimated at 
present to only be about 0.2 mGal (M0RELLI ET AL 1970. they are likely 
to cause errors with long wavelengt 1 due to the large spacing between 
stations in the network; and 

the use of regional geodetic coordinates instead geocentric values 
to compute normal gravity; this effect is at noise level for 10 cm 
determlnat Ions. * 

In the case of evaluations from "geoid heights" deduced from altimetry 
data, the extent of systematic error will depend on the nature of 

(a) the errors in orbit determination; 

(b) the error sources effecting the aitimetry itself; and 

(c) the departures of the sea sc face from the geoid. 

From the dominant contribution to the second alternative in equation 17, it can 
be shown that the effect of an error in the "geoid height" which behaves 

as a systematic e-'ror over an n° » m n area, but exhibits accide <tal error cha- 
racteristics over larger areas, will affect the final computed value of the 
Stokesian term N s by e^ cm ' , given by 

e* CT) > 1i « (m) - (n a ■ m*) 1 (19). 

i* a 

Variations of the effect with amplitude and wavelength of the error e.ve 
summarized in tc-ble I for ease o. reference. 
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TABLE 1 

Influence of Systematic Effects on Quadratures Computations of 
Stokesian Contribution from "Geo id Heights" (Relation 19) 



e N (cm) 

u , 

(m) 

| (n° » m°) 4 (dog) | 1 

5 

10 

50 

0.1 

1/10 

i 

1 

6 

0.2 

1/5 

1 

21 

12 

0.5 

S 

3 

6 

31 

1 

1 

6 

12 

62 

2 

2i 

12 

25 

125 

3 

31 

IB 

40 

185 

5 

6 

30 

60 

320 

10 

12 

60 

120 

620 


While recognizing that orbit determination is the result of batch pro- 
cessing using numerical integration procedures, it could be broadly stated 
that there are two conceptual possibilities when attempting to assess the 
effect of orbital errors on e«: 

. the spacecraft is tracked during the altimetry such that the orbital 
position is d^'ermined with a precision equivalent to that of the 
tract. .ng system; or 

no direct tracking of spacecraft is available during the period of the 
altimetry; the orbital position in this case being deduced from the 
best available models for the force fields influencing the orbit. 

In the second case, it is generally held that the main weakness in mo- 
deling the relevant force fields is from the gravity field (AGREEN 6 SMITH 
1973). for example, it has been estimated at 2-5 m in the case of GEOS-C 
(WEIFFENBACH 1972), the dominant effects being due to wavelengths greater than 
50°. A favourable solution for the geold at a tl m level is the best that 
can be expected in such a case, provided the larger error estimates occur 
with shorter wavelengths. Such a result would hardly be of use in the resolu- 
tion of sea surface topography ; n global terms. 

At the other extreme, a planned global network of at least 25 tracking 
stations with all weather capability and 10 cm resolution may hopefully reduce 
the orbital uncertainty to an equivalent magnitude. The use of altimetry 
data obtained under cl rcun stances of continuous tracking, should reduce the 
uncertainty In the ocean geold tc an acceptable limit In terms of the reckoner 
embodied in table 1, provided 

a) oceanographic effects of long wavelength and amplitudes in excess 
of 50 cm have been allowed for; and 

b) any altimeter bias as large as 1 m has wavelengths of less than 20°. 

There ere two types of oceanographic effects which cause concern when 
using altimetric "geoid heights" in quadratures evaluations: 

. th« like ihood of rlimatic effects being correlated with latitude, 
thereby exhibirin^ wharacteri $t ics of even degree zonal harmonics 
If magnitudes were of order ±50 cm (e.g,, see STUR&ES 1972,fig. 1); 
pronounced features with t'gnificent wavelengths like the Gulf Stream 
(NASA 1972, fig. *.3); end 
oceanic tidal models. 

It appears possible *. erate the evaluations of the second alternative 
in equation 17 to convergence n an acceptable manner using data satisfying the 
above conditions, provided the errors in the computed geoid introduced in the 
"geoid heights" by the existence of sea surface topography could be held to 
amplitudes of not more than ±1 m and wavelengths of upto 100°. This would 
enable sea surface topography to be determined to ±50-60 cm for the second 
iteration, giving favourable conditions for a geoid determination to ±30 cm. 

It can be concluded that between three and four iterations of equation 17 
»houid enable a geoid to be determined to ±10 cm from altimetry of adequate 
accuracy, measured from spacecraft tracked continuously by 1 cm systems, 
provided all sea surface topography with amplitudes in excess of 1 m and wave- 
lengths greater than 80° have been modeled. In the case of the minimal 25 
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station configuration discussed earlier, the conditions for convergence in the 
iteration of equation 17 will depend on the resolution of the best gravity model 
available. In this case, any substantial weakness in the gravi ty model will 
have to be improved in the iterative process to improve the "geo id heights" 
obtained from areas where no direct tracking is possible* 

The discussion so far has assumed that altimetry is available on a 
global basis* This is not the case. if. as discussed In section 5* a 
"higher" reference model than that afforded by an equi potent la I ellipsoid of 
revolution were used, T ■ o(5 kGal m), though possibly correlated through po- 
sitive values. This correlation could be reduced significantly by using 
spherical cap calculations out to say, 20° using the surface gravity anomaly 
representation available over land, when 


T 


s 



f M Ag c sin dtp da 


( 20 ), 


as the contribution of the harmonic representation of the gravity field through 
the Molodensky truncation functions (MOLODENSKI I ET AL !<)62,p.l48) Is substan- 
tially zero when the "higher" reference model is used. The gravity field 
representation required for 10 cm solutions is a 10 km grid in non-mountainous 
areas (MATHER 1973a,p.78). 

The weakness in the values of T so c<)mputed in continental areas arises 
from the assumption that the "higher" reference model has completely absorbed 
distant zone effects. This is no problem if conditions are favourable for 
convergence of solutions. As geold definitions will be preceded by gravity 
field definitions from GEOS-C data, we can hopefully talk In terms of these 
errors having a t-2 m magnitude re B,,, ting in a quadratures error of i - 3/k m. 
Convergence is therefore likely to oc ur. 


5. THE DETERMINATION Of SEA SURFACE TOPOGRAPHY FROM SATELLITE ALTIMETRY 

The recovery of sea surface topography from satellite altimetry with 
confidence Is one of the most exacting tasks facing not only specialists in 
orbit determination but also those defining oceanic geoids. The phenomenon 
on the basis of both oceanographic considerations (e.g. , STURGES 1972; HAHON & 
GREIG 1972; STURGES 1^/3) as well as coastal cvidenrr (see MATHER 1973b for a 
summary) appears to have magnitudes of 1-2 m, but with rather tong wavelengths, 
including effects which may be expected to have the character 1st i cs of even 
degree zonal harmonics. 

In the absence of an ideal situation where the spacecraft is continuously 
tracked by 10 cm systems, a weakness wlil arise in the orbit determination If 
the gravity field representation is not adequate. As mentioned previously, 
long wave gravity field improvements and orbit determination has to precede 
sea surface topography evaluation until such time as a gravity field represen- 
tation adequate for 10 cm gecid determinations (i.e., vaiue adopted for the 
representat ion of a 100 km square has an unco.rtlated error of around t i 
mGal) becomes available. In the Interim, it is desirable to adopt every 
possible procedure which would play some role in minimizing the effect of 
sys* emetic errors In both orbit and geoid determi nat ions so that the effect 
on the sea surface topography determinat ions are minimized, at least, on a 
relative basis. 

A procedure mentioned in section U and worth serious consideration, is 
the adoption of a system of reference in physical geodesy which is of a higher 
order than that afforded by a rotating equipotential ellipsoid of revolution. 
Desirable criteria for such a "higher" referencf model are the following: 

. It should be equivalent to the gravity model commonly used in orbital 
analysis at satellite altitudes. 

It should have a clearly defined geometry in Earth space for solutions 
of the geodetic boundary value problem at the surface of the Earth. 

. The effects of the common gravity mooel adopted for both the orbital 
analysis as well as the ocean geoid computations should be clearly 
separated from the cons i derat ion of individual gravity values so that 
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no unintentional ambiguity is possible on use In solutions of the geo- 
detic boundary value problem. 

Such a procedure Mould be worthwhile if the “higher" reference system 
were to provide an accurate representation of the long wave features of the 
gravity field in the light of the arguments advanced In section 4. Present 
day solutions may well provide a definition of such features with errors at 
the SX level. It would be no surprise if the uncertainty in the terms of 
long wavelength were, at least In part, a function of distance from sites in 
the tracking station network. For example, geo id solutions based on Godderd 
Earth Node! 6 (GEM 6) have an average discrepancy of around 0.2 m when compared 
with values derived from geometrical satellite geodesy at 158 tracking stations 
(NUELLER 1973. p. 202). On the basis of these considerations, it is not unrea- 

sonable to assuse that the adoption of the concept of a ••higher" reference 
model would red -ce the magnitude of T by a factor of 20. The geometry of 
such a system in Earth space has been defined for solutions of the geodetic 
boundary value problem (KATHER 197b, sect Ion 2). 

The following points which are relevant to the present development, are 
smmarized from the above reference: 

. If the "higher*' reference model is restricted to long wave phenomena, say 
500 coefficients for global representation (similar to present-day gravity 
field rep re sen tat ions) , the magnitude of the gravity anomaly on this "higher" 
reference system is not substantially smaller, even though changes in T 
with position at the Earth's surface over limited areas are at the 5% level. 
For example, see (MATHER ET At 1971) for determinations in Australia on a 
50 km grid using gravity data on a 10 km grid. The advantages of a "higher" 
reference model are thus only of marginal significance in such circumstances 
for other aspects of quadratures evaluations. 

. The effect of a given error in the gravity field definition has different 
consequences through geoid and orbit determinations respectively, on the 
computed differential sea surface topography along the altlmetered profile. 
The former is affected largely through higher frequency term errors while 
the latter is influenced more by errors In resonant terns, while low 
frequency errors affect both determinations but not to the same extent. 

The effect of gravity field errors on the definition of sea surface topo- 
graphy through geoid determinat ions is a function of the Inter-relation 
between these errors and the ground track of the satellite; the effect 
through orbit determinat ion is due to orbit distortion in the absence of 
direct tracking, due to the rate of change of the radial error as evaluated 
througn tne equations of orbital motion. 

It can be concluded that in instances where the gravity field definition is 
not adequate for determinations of the global geoid to *10 cm, it is preferable 
that any local determinations of specific features of sea surface topography 
be based on: 

(a) a common mode) for the long wave components of the Earth's gravity field; 
and 

(b) an adequite representation of the regional surface gravity field. 

Such determinations cannot be carried out satisfactori ly on a relative 
basis unless -he local gravity field is adequate for the purpose (i.e., a 10 km 
grid in the region is most desirable). 
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ABSTRACT 

A description of the SKY LAB Altimeter instrument system along 
with the appropriate system error model is presented. The data 
processing flow, orbit computation, and topographic recovery 
techniques are discussed. Some data analysis results are presented 
which indicate excellent correlation with underwater topographic 
features. In addition, results are shown whicn indicate that 
the instrument performance was as expected. 


INTRODUCTION 

The S-193 satellite altimeter experiment was conducted in 
1973 and 1974 during the SL2, SL3, and SL4 missions for which the 
primary objectives of the altimeter were to obtain data needed for 
design of future altimeters and to demonstrate that the instrumen- 
tation did have a capability for surface topography napping. These 
topographic measurements have significant applications to marine 
geodesy. 

Both the scientific value and the application were emphasized 
in the Terrestrial Environment, Solid Earth and Ocean Physics 
study held during August 1969 (2). Presently the NASA Earth and 
Ocean Physics Applications Program (EOPAP) has adopted a long range 
physical ocean sensing program with objectives that rely heavily 
on satellite altimetry. 

In all of these activities to date the role of altimetry has 
been visualized to include detection of dynamic ocean features 
(tides, waves, currents, etc.) or mapping permanent topography 
(geoid). However, even though it was realized that the subsurface 
topography has a contribution to the geoid, results obtained with 
the SKYLAB altimeter have shown that this correlation might well 
be stronger than anyone realized. In fact these correlations 
could well lead to new applications of altimetry fo: , jsitioning 
and density determination of underwater topographic features. 

INSTRUMENT SYSTEM 

The instrument system geometrically consists of a space plat- 
form (the SKYLAB satellite) and a radar altimeter oriented to make 
vertical (nadir) measurements of the distance to the ocean surface. 
While the SKYLAB orbit (440 km height, eccentricity .001 and incli- 
nation SO") was not an ideal reference system for long arc geodetic 
measurements, it did represent an excellent test bed for altimeter 
sensor development and short arc topography measurements. The low 
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orbit, payload weight and size capacity made it possible to build 
a radar system with good signal-to-noise and instrument versati- 
lity and flexibility. Therefore the S-193 altimeter system was 
optimized to provide a variety of measurements under various 
operating parameters. Mithin the hardware |8], five basic modes 
were developed to perform various pre-set data taking and calibra- 
tion operations to gather data needed to design improved altimeters 
for future space missions. Basically the five experimental modes 
can be summarized as follows: 
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The most important measurements provided by the altimeter 
consist of altitude, waveforms and Automatic Gain Control voltage 
(AGC). The altitude measurements are made approximately 8 times 
per second with a 2 Hz bandwidth tracking system. The spatial 
footprint (spot size) is about a 5 KM radius for the narrow pulse 
operation which represents a two dimensional filter for topography 
mapping missions. 

The waveforms are sampled by eight moveable sample-and-hold 
gates placed at regular intervals on the return signals. These 
gates can sample the return waveform 100 times per second and can 
be utilized for wave height and antenna pointing angle estimation. 

The AGC is available approximately 4 times per second and is 
useful to calibrate the above waveforms, to detect clouds, rain 
and other anomalies which affect signal strength. 

For mapping the ocean topography [SJ a typical system error 
model has been produced. (See Table 2.) Both the uncorrected 
magnitude and the residual, of the best known corrections are that 
applied to the data are shown so that one can appreciate the 
importance of the various error sources. 

It is readily apparent that pointing and bias are the two 
factors most critical to mapping topography. Since short arcs are 
being used and feature mapping can be accomplished in the presence 
of bias the pointing errors are considered the most critical. The 
pointing is continually changing and without correction would yield 
errors that cannot be easily separated from the short wavelength 
topography. Therefore methods nave been developed to extract 
pointing information from the altimeter waveforms and to apply 
corrections to the altitude data based on this information. 
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TABLE Z TYPICAL SYSTEM ERROR MODEL a RESIDUALS 
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DATA PROCESSING 


The PCM analog tape is converted by NASA JSC to a digital for- 
mat and both editing and decommutation is performed. In addition, 
the airlock module time (AMT1 of each frame of data is converted 
to GMT. The raw altimeter two-way range bit data (20 bits) is 
converted to measured altitude bit data (21 bits) by making the 
Zlst high order bit a one if the 20th high oTder bit is a zero. 
Finally, the following algorithm is used to convert bits to 
kilometers (l): 

A^ • ((21 bits) X BW ♦ ID] X (C/2) 

Where: BW ■ bit weight, 2.5 x 10’ 9 sec/bit, 

ID • estimate of the internal delay 
40 X 10' 9 sec for SL-2,3 
-195 X 10' 9 sec for SL-4, and 

C - speed of light, 299792.5 km/sec. 

A processed digital tape with frame GMT, measured altitude 
and other altimeter measurements, statuses and housekeeping data 
is sent to approved Principal Investigators. 

The tape received from JSC is converted to a format compatible 
with Wallops' Honeywell 625 Computer. Then, the following algorithm 
is used to preprocess the altitude data: 

A c * \i ' (ID X §“) * ( pc ‘ M ) * MC - R 
Where: A c * corrected altitude, 

A m « measured altitude provided by JSC, 

ID X C/2 * correction to remove internal delay correction 
made by JSC, 

PC • premission calibration of delay line, 
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M » inflight measurement of the delay line, 

MC * error caused by switching pulsewidths, bandwidths 
and pointing within certain modes and submodes, and 

R » tropospheric refraction correction. 

The magnitude of the different corrections vary. For example, 
the inflight calibration correction used is 35.97 m with an uncer- 
tainty of less than 20 cm detected in inflight measurements of the 
calibration delay line. The pulsewidth/bandwidth correction varies 
from 0 to 103 ns depending on the mode and submode used, and the 
pointing angle correction being used in Mode 1 is 13 ns. The 
refraction model [3J 

R ° m. 5 ■(76i£ N + "siiiET ' 

assumes a constant surface refractivity of 340 N units, and E is 
90 degrees when looking at nadir. This results in a correction „f 
2.79 m. 

Unified S-Band (USB) data and in some cases C-Band data are 
used to estimate orbital parameters. The orbital elements are 
used as initial conditions to integrate an orbit from which alti- 
meter measurement residuals are calculated. The residuals are the 
differences between the altimeter measurements to the sea surface 
and the calculated altitude from the spacecraft to the ellipsoid. 
Finally, the altitude residuals, and both the Marsh Vincent Geoid 
and ocean bottom topography along the subsatellite track are 
plotted for further analysis. Both qualitative and quantitative 
correlations are evaluated and reported to the scientific community. 
Figure 1 illustrates the data flow. 



Flgun 1. Sfcylab AltUudt Dlti Flow 
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DEFINITIVE ORBIT DETERMINATION FOR SKYLAB ALTIMETER DATA ANALYSIS 

Analysis and evaluation of the SKYLAB altimeter data, can best 
be accomplished by reducing the measurements to quantities which 
can be compared with independently derived data. Since the ocean 
surface, except for tidal and wind effects follows an equipotential 
surface, it is convenient to derive an estimate of the geoid height 
from the altimeter altitude measurements. These can then be com' 
pared with independent determination of the geoid height. The 
relationship between geoid height and satellite altitude measure- 
ments is given by: 



Where h = satellite height above a reference spheroid obtained 
from the satellite oTbit determined from tracking 
data, 

h g » satellite altitude measured by the altimeter, 
and Ah = dynamic ocean effects of tides, winds and currents. 

The relationship of these quantities is shown in Figure 2. 

It is obvious from this relationship that any radial orbit 
errors will propagate directly into errors in geoid heights deter- 
mined from the data. Therefore, for analysis and evaluation of 
the SKYLAB altimeter data it was necessary to obtain the mc-.t 
accurate orbit possible from the available tracking data. 

Several factors make the deteimination of accurate SKYLAB 
orbits a difficult task. The altitude of the SKYLAB orbit is 
approximately 440 KM and its effective area is 293 square meters 
with a mass of 87,441 Kg. These factors mean that atmospheric drag 
has a large effect on the satellite orbit. In addition, thrusting 
is used for spacecraft maneuvers both before and after the alti- 
meter data is acquired. The tracking data is provided by the 
Goddard Space Flight Center, unified S-Band System (USB) with some 
C-Band support. The USB system is a worldwide system but due to 
workload and scheduling every station did not track at every 
opportunity and hence the density of tracking data is sometimes 
sparse in the vicinity of an altimeter data take. 


Error analyses have shown [4] 
that in order to minimize systema- 
tic error effects due to drag, 
thrusting and geopotential errors, 
the length of arc fitted should be 
kept as short as possible. The 
arc length necessary to be able to 
determine an orbit with reasonably 
low error depends on the available 
tracking coverage. Experience has 
shown that this can vary from 2 
hours (SL-2 Pass 6) to 25 hours 
(SL-2 Pass 4). The difference in 
the effects of systematic errors 
on these two orbits is estimated 
to be less than a meter due to 
drag on the 2 hour orbit and 50 
meters on the 25 hour orbit. 



RESULTS 


Ftgum 2. (UWtt a mN e Bsmte AWn 
Mwuumina rod Gsotal. 


The following pages present some selected samples of the 
results which have been obtained from an analysis of the altimeter 
data. Some additional results can be found in (6). 
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Figure 3 shows a pass of data over the Cape Verde Islands 
obtained on 3 September 1973. For comparison the Marsh Vincent 
Geoid [10] is shown on the graph. The absolute difference between 
the altimeter geoid and the Marsh Vincent geoid of approximately 
45 meters is well within the estimated orbit uncertainty. The 
dotted line on the graph is the Marsh Vincent geoid shifted for 
shape comparison. It is seen that the overall comparison is good 
except for the 12 meter undulation in the vicinity of the islands. 
A detailed analysis of the altimeter footprint, noise characteris- 
tics, and ground track indicate that the altimeter was not over 
land during any part of the pass. It is estimated that dynamic 
sea surface effects coul'l explain only a few meters of the 
undulation observed and hence we surmise that the geoid undulation 
observed is a real feature in the geoid. 
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Figure 4 presents the results of a pass of altimeter data 
taken on the SL- III mission on 12 August 1973 off the coast of 
Borneo. The noise level is somewhat higher than usual but again 
there is overall good general shape agreement with the Marsh- 
Vincent geoid. Matching the ground track with the altimeter geoid 
it is seen that geoid undulations correlate very well with the sea 
mountains and ocean trenches. It is to be expected that these 
short wavelength features would not be seen in the Marsh -Vincent 

J eoid. The loss of data around 2h 36m 20s is due to a loss of 
ock as the altimeter passed over the island of Flores. 
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Figure 5 illustrates the altimeter derived geoid for a pass of 
data taken on the SL-11I mission on 13 September 1973. This data 
was taken as the altimeter passed over the Mid-Atlantic Ridge in the 
North Atlantic. Again there is excellent agreement with the general 
shape of the geoid and the offset is well within the expected orbit 
accuracy. A comparison of the altimeter geoid with the bottom 
topography in the area again shows excellent correlation. The 
ocean depth contours shown were obtained from [9], 
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FtguraS. Powst Spsctnl Dsmity (PSD) of th. Futrto Rican TnMh 

Figure 6 displays a power spectral density (PSD) of the 
Puerto Rican Trench region which was computed using Fourier Trans- 
form methods and a Hanning type convolution window. The data 
base comprised SL-2, Pass 4, Mode 5 with 100 and 130 nanosecond 
pulse widths (pulse compression was not functioning during SL-2). 

The Puerto Rican Trench data was used since we desired to obtain 
PSD results for an anomalous region, which should contain more 
energy in short-wavelength components than anomaly free regions. 

The PSD so obtained, and data processing results derived therefrom 
should represent the best opportunity for the altimeter to obtain 
information relating to short wavelength undulations. 

Referring to Figure 6, the arrow corresponds to the den- 
sity level for which a 3.3 Hz. rectangular bandwidth, white noise 
spectrum would yield an rms level equal to one meter. Since the 
S- 193 tracker has an approximate 3.3 Hz. equivalent noise bandwidth, 
this level is consistent with observed rms noise levels in the raw 
data of 1 to 2 meters, and a cross-check on the computed spectral 
magnitude. The level is seen to be close to the noise level implied 
by the calculated spectrum. We also note that the spatial filter 
function [6] arising from the finite zone illuminated by the 
altimeter, corresponds to considerably shorter wavelengths (less 
than 13 km) and that the calculated PSD should not be contaminated 
by the altimeter footprint. 

The PSD data given may be used to derive altimeter data- 
processing guidelines. Under the assumption of Gaussian statistics, 
or if a minimum-mean -square linear estimate is desired; the 
Wiener-Hopf formulation for additive noise measurements shows that 
the optimum filter H (f) transfer function is 


H o (f) * STT )* - wen" 

where S(f) is the geoidal spectrum and N(f) is the additive noise 
spectrum. Figure 6 shows an approximation to S(f) as a break- 
point plot using 


S(f) 

solving for the 


. 5.24 x 10' 4 

f 4 ♦ 1.75 X 10' 3 

half -power value of H Q (f) we find it to be 0.164 H*. 
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Using the satellite around track velocity, this may be expressed 
as a 4S km wavelength. Therefore, we conclude that this analysis 
shows for geoidal regions which contain pronounced short wavelength 
components, that (1) the Skylab altimeter is limited by measurement 
rjise in profiling wavelengths much below 45 km and (2) data 
smoothing time constants of several seconds are required to ade- 
quately reduce the random error in geold undulation measurements. 
This analysis can readily be extended to yield two-sided weighting 
functions [7], which are applicable to smoothing solution., using 
both past and future observations--as is appropriate for digital 
computations. 

SUMMARY 


The SKYLAB altimeter data analysis results presented here are 
representative of a large amount of data which has been studied. 

It is concluded that the instrument performance was excellent and 
that geoid shape information derived correlates well with the 
Marsh-Vincent global geoid. It is further concluded that there 
appears to be a strong correlation between the derived geoid and 
underwater topographic features. 
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RESULTS OF GEODETIC PROCESSING AND 
ANALYSIS OF SKYLAB ALTIMETRY DATA 


D. M. J. Pubara and A. G. Mourad 
Battel le-Columbus Laboratories 


ABSTRACT 


The processing was based on a time series Intrinsic relationship be 
between the satellite ephemeris, altimeter measured ranges, and the corre- 
spending a priori values of subsatellite geoidal heights. Using least 
squares processing with parameter weighting, the objective was to recover 
( 1 ) the absolute geoidal heights of the subsateillte points, and (2) the 
associated altimeter calibration constants(s). Preliminary results fr*-x 
Sky lab mission SL-2 are given, using various combinations from two sets of 
orbit ephemeris and altimeter ranges. The Influences of orbit accuracy, 
and a priori geoidal ground truth are described on the basis of various 
combination solutions. It is shown that correctly scaled geoidal heights 
cannot be deduced by merely subtracting tha altimeter range from the 
geodetic height of the satellite unless the satellite ephemeris and the 
altimeter have no unknown significant systematic errors or biases and 
drifts. In partlcula . the results of such direct subtraction can be very 
misleading if the orbit used is imputed from data including altimeter data 
used as height constraints. In view of the current state of our knowledge 
of (1) satellite altimeter biases and (2) radial etrors in orbit computation 
relative to geocenter, and because satellite altimetry la a "geodetic 
geometric leveling from space", the use of geodetic ground truth samples 
as control "benchmarks" appears indispensable for the recovery of absolute 
geoidal helghte with correct Beale. Such geodetic ground trurli in u»e 
oceane has to be determined from marine geodetic techniques involving 
astrogravlmetry and satellite geodesy. 

It should be emphasised thet the primary objective of the Skylab 
altimeter le to determine the instrument feasibility. Any additional appli- 
cations of the data such as for geodesy, geophysics, and ocaanography are 
desirable. Although accurate orbit is required for such applications, it 
la not a prerequisite for determining the instrument feasibility. This 
investigation, nevertheless, considered the Influence of orbit sccuracy and 
the effect of other parameters to assess the geodetic requirements for 
future satellite altimetry missions such as GE08-C and SEASAT. 


INTRODUCTION 

Tha "Will lams town Study" (Kaula, 1970] recommended the use of space- 
craft altimeters for geodetic, g- physical, and oceanogr iphlc studies of 
the oceans and the earth’s grsviry field. An effort of this type was 
imp lamented for the first time in history u^-le- Skylab 's experiment S-193, 
Stanley and McCoogan [1972]. The primary o' jeer Ive of the S-193 is to 
determine the engineering feasibility of the altimeter. The 8-193 altimeter 
experiment Is one of a number classified jnder "Earth Resources Experiments 
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Package" (EBP) whose end objectives are to solve various problems oo 
earth, that directly affect even the ana to the street. 

Three man ned Sky lab missions— SL/2, Si/3, and Si/4— are to provide data 
free the S-l°3 system. Geodetic aealyaia of Sky lab S-193 altieeter 
preliminary data free sUsloa 81/ 2 and EBSP pass 9 is the sebject of this 
paper. The overall objective of our loves tigat ioa ms to daeoostrate the 
feasibility of aad necessary coed it loos in using the altieeter data for 
determination of the Harise Ceoid (i.e. , the geoid la ocean areas). The 
geo id la the eqaipotential ear face that would coincide with "undisturbed" 
■see sea level of the earth's gravity field. "Undisturbed** is the condition 
that would exist if the oceans were acted on by the earth's force of gravity 
only, and no other forces such ss ocean currents, winds, tides, etc. Thus, 
determination of the geoid (naa n sea level) is basic to understanding the 
oceaas and their dyoecdc plumnmnna such as currents, tides, circulation 
patterns aad hence air-sea interactions, lap roved emeries 1 weather 
predictions require accurate knowledge of these ocean-dynamics pbeooaena. 
Navigation, waste dispoaal, and pollution control also benefit frou an 
accurate knowledge of ocean dynaad.cs. More accurate determination of the 
geoid will lead to a batter definition of the earth* & gravity model. 
Computation of the global geoid by conventional metfaos is so expensive and 
time consuming and is beset with so many problems as discussed in Fbbara 
aad feared (1972a] that these conven tional techniques cannot be depended on 
for completion of the Job in the foreseeable future. These factors justify 
the need for new systems and techniques. Current indications from die 
Sky lab altimeter are that satellite altimetry may be the answer. 



Figure 1 shows schematic geocentric relations of die various surfaces 
associated with satellite altimetry. TM is Che raw altimeter range which 
has to be corrected for laboratory instrumental calibration, electromagnetic 
effects, sea state, and periodic sea surface Influences to give TS. s 
represents the nonperiodic "sea level". CT and CE the geocentric radii of 
die altimeter and E (its subsatellite point on the reference ellipsoid) are 
computed from satellite tracking information. EC Is the absolute goo Ida 1 
undulation to be i<xaputed from this Investigation, while SC is the quasi 
stationary departure of the mean Instantaneous sea surface from the geoid— 
the "undisturbed" mean sea level. 


FOBAEA <i NOGRAD 

mWTOSMt P*» Wfmm vmw VfK 

Each uni altimeter range ij with an associated measurement 
residual » t is intrinsically related to (1) X g , J | , and Z ( (the satellite 
coordinates at the instant of aeasoreaent), (2) the absolute geo ids 1 
undulation Sj (of the subsatellite point) based on s reference ellipsoid 
of parameters a, and e, and (3) the biases in all neasuranent ays teas 
involved. The condition equation for Snis ircrlneic relationship can be 
stnted as: 

- + «£(1 + 4c) - h t + Sj + 4S t • 0 , (1) 

where 

4c ■ fj (systematic errors in 1 , T , 1 , the altimeter bias and 
sea state correction bias) is the total geodetic calibration 
constant to be determined. The exact functional mathe- 
matical expression for 4c is unknown and is treated later; 

Bj “ Sj + 4Hj (fj is an approximate value for 1^) * fjU. e); and 
h^ is die geodetic satellite height above the reference ellipsoid, or 

h i ‘ f 2 <V 2 s, • 

where a and e are parameters of Che reference ellipsoid for the geodetic 
datum of the tracking stations whose coordinates are used in computing the 
satellite coordinates X ( , T ( , and Z ( . Equation (1) p r esu mes that a - a 
and e “ e, and, also, that the two reference ellipsoids are concentric end 
geocentric. 

In current geodetic practice, because of multiplicity of geodetic 
datums and the nonexistence of an universally accepted datum, the a - a, 
etc. requirements are hardly ever met. A geodetic datum is uniquely 
determined by seven parameters. One such set of parameters is a, e. Ax, 
By, dz, 4? and 41U a and o define the site and shape of the refarence 
ellipsoid; Ax, 4y. and 4s relate the center of the reference ellipsoid to 
the geocenter and are purely t ra ns la to ry; while A{ and ill are angular 
values to ensure paralelllam between the minor and major axes of the 
reference ellipsoid and the mean rotational axis and mean terrestrial 
equator of the earth, respectively. For each geodetic datum, every 
effort is made to ensure that 4? - AH ■ 0. However, as shown in Fubara 
and Hsurad (1972a), tdtlle this condition has never been exactly realised, 
its effect can be neglected. 

The change Ahj in h^ due to the changes 4a and 4f in the dimensions 

of the reference ellipsoid and Ax . Ay , and As in its position relative 

O o o 

to go oc enter is given by Helskanen end Moritz [1947] as 

Ahj • -Coa<pCoaXAx o -Cosq81nXdy o -Slnq4z o -4a + a Sln 2 (p4f , (2) 
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where 

2 i/2 

f ■ flattening of reference elllpscld If * l - (l-e ) I 
<p and X - geodetic latitude and longitude corresponding to 


For the current investigation, which involves three different geodetic 
datums, it is further assumed that Ax q • &y Q ■ - 0 because these 

values haw not been reliably determined and all three datums are 
supposed to be geoc entered. Therefore, instead of Equation (2). Equation 
(3) will be employed 

Ah ( - - in + aSln 2 <p&f (3) 

as the correction parameter to Equation (1) which should be rewritten as 
v t + RJ1 + Ac) - 0> t + ahj) + + JU^ • 0 (4) 

or 

v t + R t + AC - (h t + 4h t ) + Sj + AH i - 0 (5) 

to reflect changes in reference ellipsoidal parameters whenever necessary. 
Equation (4) or (5) was used to process the data by generalised least' 
squares adjustment model as developed in Fubara 11973]. 


ANALYSIS AHD EVALUATION OF DATA 

The analytical data 'handling formulations for this investigation call 
for the following basic inputs: (1) the altimeter ranges, and exact time 

(usually GHI) of each measurement to correlate It with (2) the associated 
orbit epheoerls, and (3) geo 1 dal information used as geodetic control or 
benchmark along the subsatellite track to help define the geodetic scale of 
the outputs. The main out* ts are: (1) the residual bias of the altimeter 

or calibration constant required to give a correct absolute geoldal scale, 
and (2) the geoldal profile, both deduced from the computer processing of 
the inputs using least'squares processing with parameter weighting according 
to the aforementioned formulations. 

Two sets of input data from Sky lab mission SL/2, EREP pass 9, are used 
in this paper. Set A altimeter ranges have been corrected for all known 
sources of systeascic errors including Internal calibration constants, 
refraction, and pulsevldth /bandwidth biases. Set B altimeter ranges were 
hot corrected for these specific systematic errors. Figure 2 shows a 
sample of both sets of ranges. The objectives for processing these two sets 
are to investigate 

(1) how well the modelling for systematic errors in the analytical 
data 'processing procedure can acconodate, recover, and prevent 
such systematic errors from degrading the final results 

(2) the conditions required to optimally achieve the above 
objective. 
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L»t. 37 .098 35.t3» 29.68N 

Long. 28S.73E 2B8.68E 29S.A7E 

Latitude and Longitude, degrees 


FIGURE 2. ALTIMETER RANGES (MODE 3) ACT) GEODETIC HEIGHT OF 8KYLAB 
(SL-2 EREP PASS 9) Oft 13:01:50 to 13:04:50 


Orbit A data are based so (a) reference ellipsoidal parameters 
a • 6,378,155 n and f - 1/298*255, (b) SAO 1969 Standard Earth nodal with 
geopotenttal coefficients through degree 22 and order 16, (c) c-band and 
USB (Bnlfled-S-Band) radar tracking data, and (d) GN - 3.986013 x 10 u 
nr/sec . Orbit B daca are bated on (a) a • 6,378,166 n and f • 1/298*3, 

(b) earth gravity model of 3 sectorial and tesseral terms, and 4 zonal 
terms, (c) C-band and USB radar tracking data, and (d) CM ■ 3.986032 x 10 14 
sr/aec z . Both orbits were corrected for other perturbacion forces such as 
lunar gravitation, solar gravitation, earth tide, drag, and solar radiation 
pressure. The geodetic datum for the tracking stations used in each orbit 
computation wee assumed to be geocentric lAlch Implies that lOg ■ Ay 0 * 

0s o • 0 as described In the rationale for using Equation (3) Instead of (2). 


305 



FlIBARA & HCU'RAD 


A s eg m en t of each of these on orbits U shown to Figure 2. In theory, 
the tin orbits should be nearly parallel and radially separated by no sore 
than 11 asters (i.e. , the maxianm value of Ah of Equation 3). Bear to the 
U.8. east coast, (Figure 2), the Oso orbits are radially close bat sot 
parallel. Further away from the U.S. continent and tracking stations, the 
orbits diverge to a radial separation of about 25 aeters and begin to run 
parallel. One or a combination of factors Inc lad lag the following may 
account for these deviations from theoretical expectancy 

(1) One or both of the too geodetic detune of the tracking 

stations nay not be truly geocentric and free of rotational 
errors as assumed, or there aay be undetected systematic 
errors in Individual tracking station geocentric coordinates. 

(11) The different gravity node Is influence the computed 

satellite ephemeris differently. H owever, the parallelism 
of the orbit segments aaay from continental tracking 
stations Is either an accidental coincidence or a 
reflection that the geometrical constraints of the radar 
tracking data had ceased to be an influential factor. 

(ill) Differences in orbit computational techniques. 

However, it is necessary to point out that by Its configuration Sky lab 
Is not and sss not designed to be a geodetic satellite with highest order 
tracking systems. It'e mass Is shoot 87,440 kg. Uhlle the "effective" 
cross -sect local area employed in the orbit cosputatlooa la 293. 3m*. In an 
absolute sense, Che computed orbit may not be of geodetic quality. However, 
it la valid to assume that during short time Intervals such as the 3 minutes 
Involved in the data sampling being analyzed , any systematic errors In the 
orbit will be constant in magnitude and sign. The analytical da Co- 
processing procedure Is designed to effectively accomodate this type of 
assumption. Therefore, the precision of the altimeter data and the 
satellite ephemeris are consistent enough beyond expectations to warrant 
geodetic analysis. 

The a priori geold Input use taken from Vincent and Harsh [1973] geold. 
That geold le not purely gravimetric as the name implies and therefore, in 
addition to a flattening of f ■ 1/298*255, a » 6,378,142 m Is also speci- 
fied for its reference ellipsoid. To ensure compatibility of geodetic 
reference datums In Equation (1), Equation (3) was applied as necessary. 

The two seta of altimeter ranges and orbit ephemeris present four different 
data combinations that wars processed. These various combination solutions 
wore need la the analyses of (1) the efficiency of the date-handling 
formulations, (2) the Influences of orbit errors, and (3) the role of the 
choice. of a priori geoldal ground truth. Some schools of thought believe 
that geoldal heights could bo obtained by merely subtracting the altimeter 
ranges from the corresponding geodetic heights of the satellite. Although 
we computed and evaluated results from such a method, we consider It invalid 
because It requires coeplete absence of systematic errors In the orbit end 
the altimeter which also must not drift, in order to ensure reliable 
results. 

The Sky lab altimeter data being analyzed are from mission SL-2, SEEP 
pass 9 during which data were obtained In Modes 3 and 5 of the Instrument 
operation. For this pass, there appears to be some instrument malfunction 
during Hods 3. Therefore, only the Mode 5 data are being analyzed. 


Raws, m wmi? 

From tbs given satellite orbit and measured altimeter ranges, tbs 
overall objective of tha Investigation It to simultaneously (a) determine 
• geodetic calibration constant(a) that (b) corrects or adjusts the 
altimeter ranges for (c) determination of absolute geoldal heights with 
correct arale. Tables 1 and 2 and Figure 2 show the geodetic heights of 
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the orblta and the altlaeter rangea tolpatri u Sat A and Set B aa 
previouely deacrlbad. All Che (Malta being analyzed bam been nodi fled 
to be baaed on a reference ellipsoid of a • 6,378,142 ■ and f ■ 1/298*255. 


table 1. ANALYTICALLY ADJUSTS BAKES 
8KBP PASS 9 OF 8L-2 
(value* In aatera) 

OH 13:01:37*981 to 13:02:52*062 


(featured Altlaeter 
Kangea 


SET A 

SET B 

438789.1 

438818*6 

438788-7 

438819-3 

438791*0 

438819*8 

438790*6 

438821*8 

438796-2 

438823*4 

438797*0 

438825-9 

438797*7 

438827*7 

438799*6 

438829-2 

438801*1 

438831*4 

438803*3 

438832*7 

438806-3 

438835-1 

438806*3 

438835*6 

438806*3 

438836*2 

438808-2 

438837*8 

438809*3 

438838-8 

438810*8 

438840-4 

438811-2 

438840-8 

438813*1 

438841*6 

438813 *5 

438842-0 

438814-2 

438844*4 

438815*7 

438845*6 

436817*2 

438846-4 

438818*7 

438848*5 

438820*2 

438849-1 

438820*6 

438849*4 


Baaed on Orbit A 
Adjuatad Altlaeter 
Bangea 


SB! A 

SET 8 

438811*9 

438811* 9 

438811*5 

438812-6 

438813*8 

438813-2 

438613*4 

438815*2 

438819*0 

438816*7 

438819*8 

438819*3 

438820*5 

438821*0 

438822*4 

438822*5 

438823*9 

438824*8 

438826-1 

438826*0 

438829*1 

438828*5 

438829*1 

438829*0 

438829*1 

438829*6 

438831*0 

438831*1 

438832*1 

438832*2 

438833*6 

438833*8 

436834*0 

438834*2 

438835*9 

438834*9 

438836*3 

438835*4 

438837*0 

438837*7 

438838*5 

438838*9 

438640*0 

438838*8 

438841 -S 

438841*8 

438843*0 

438842*5 

438843*4 

438842*8 


Sued an Orbit B 
Adjuatad Altlaeter 
Bangea 


SET A 

SET B 

438824*6 

438824*7 

438824*2 

438825*3 

438826*5 

438825*9 

438826*1 

438827*9 

438831-7 

438829*4 

438832*5 

438832*0 

438833*2 

438833*8 

438835*1 

438835*2 

438836*6 

438837*5 

438838*8 

438838*7 

438841*8 

438841*3 

438841*8 

438841*7 

438841*8 

438842*3 

438843*7 

43&43*9 

438844*8 

438844*9 

438846*3 

438846*5 

438846*7 

438846*9 

438848*6 

438847*6 

438849*0 

438848*1 

438849*7 

438850*4 

438851*2 

438851*6 

438852*7 

438852*5 

438854*1 

438854*6 

438855*7 

438855*2 

438856*1 

438855-5 


Geodetic Calibration Conatant 
22*8 *6*6 35*5 6*1 


ORIGINAL PAGE IS 
OF POOR QUAIOT 
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TABIJi 2. ANALYTICALLY ADJUSTS!) BADGES 
ERBP BASS 9 OF 8L-2 
(value* la meters) 

GHT 13:02:36*592 to 13:03:33-661 


Measured Altimeter 

R»ng M 


SET A 

SET B 

438813*5 

438842*0 

438814* 2 

438844*4 

438815*7 

438845*6 

438817*2 

438846*4 

438818*7 

438848*5 

438820*2 

438849- 1 

438820*6 

438849*4 

438821*0 

438851*3 

438822*8 

438851*8 

438824*0 

438853*2 

438824*3 

438854-3 

438825*5 

438855* 1 

438825*5 

438854*6 

438826*2 

438855*7 

438827*3 

438856-8 

438828* 1 

438857*9 

438829*2 

438859-7 

438831*5 

438859*9 

438831*8 

438860*3 

438833* 7 

438861-9 

438832*6 

438862*7 

438835-6 

438864*4 

438835*2 

438864*6 

438834*5 

438864* 1 

438837* 1 

438865*7 


Bated on Orbit A 
Adjusted Altimeter 
Ranges 


SET A 

SET B 

438836*7 

438835*9 

438837*4 

438838*3 

438838*9 

438849*4 

438840*4 

438840*3 

438841*9 

438842*4 

438843*4 

438843*0 

438843*8 

438843*3 

438844*2 

43884S-2 

438846*0 

438845*7 

438847*2 

438847*1 

438847*5 

438848*2 

438848*7 

438848*9 

438848*7 

438848*4 

438849*4 

438849*5 

438850*5 

438850*7 

438851*3 

438851*8 

438852*4 

438853*6 

438854*7 

438853*8 

438855*0 

438854*2 

438856* 9 

438855*8 

438855*8 

438856*6 

438858- 8 

438858*3 

438858*4 

438858*5 

438857* 7 

438858-0 

438860* 3 

438859*6 


Based on Orbit B 
Adjusted Altimeter 
Ranges 


SET A 

SET B 

438852*3 

438851*5 

438853*0 

4388S3-8 

438854*5 

438855*0 

4388S6-0 

438855*9 

438857*5 

438857*9 

438859*0 

4388S8*S 

438859*4 

438858*9 

438859-8 

438860-7 

438861*6 

438861*3 

43Sd62*« 

438862*6 

438863*1 

438663*8 

438864*3 

438864-3 

438864*3 

438864*0 

438865*0 

438865*1 

438866* 1 

438866*3 

438866*9 

438867*3 

438868*0 

438869*2 

438870*3 

438869*4 

438870*6 

438869*8 

438872*5 

438871*3 

438871*4 

438872*2 

438874*4 

438873*9 

438874*0 

438874*0 

438873*3 

438873*6 

438875*9 

438873*2 


Geodetic Calibration Constant 
23*2 -6*1 38*8 9*4 
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°P POOR QUALITY 


308 



FUBARA & HOURAD 


Calibration Constanta and Ad tasted Altimeter Ranges 

As developed earlier, the altimeter bias, radial errors In orbit 
determination, and errors from inadequate or total lack of correction for 
significant sea-state variations are all algebraically additive. These 
errors are inseparable unless two of them are absolutely known. Zn this 
Investigation, the total sum of all three is the geodetic calibration 
constant to be determined. 

Unfortunately, unless the radial orbit error is sero, some known 
absolute geoidal height must be used as geodetic control or benchmark in 
order to determine the required geodetic calibration constant. In this 
case, the calibration const Sift so determined is sea lew ise-dependeat on die 
geodetic datum of the a priori geoidal Input or the geodetic control used. 
This is demonstrated in Figure 3 in which GG-73 is the subsatellite geoid 
profile taken from Vincent and Karsh [1973] seoid, AA is the resultant 
satellite altimetry geoid profile baaed on GO *73 as a priori input. This 
a priori Input and its output are used as a yardstick or control of the 
experiment to investigate the effects of errors in a priori geoid height 
inputs and scale dependency of the computed geodetic calibration constant 
and satellite altimetry geoid heights on geodetic control (ground truth). 
Errors were introduced into GG-73 to produce A*I. The resultant satellite 
altimetry geoid segment from using A - 1 as a priori input is A-0. Similarly, 
B-0 results from the use of B*I as a priori input. 

It Is obvious that the shape of AA (the control experiment) Is 
identical to that of A-0 and B-0. In all cases, even though the resultant 
point-to-point geoidal height differences were exactly Identical, the 
deduced calibration constants and hence the values of the computed geoid 
heights depended on the a priori geoidal height inputs. Figure 3 definitely 
shows that such a priori Inputs and the errors In them affect only the 
linear scale of the calibration constant and not the shape of the deduced 
geoid from the type of analytical processing used herein. In other words, 
the main effect of the a priori geoid Input is reflected in the position 
of the computed geoid relative to geocenter. To determine the geoid with 
correct shape and scale and centered at geocenter (l.e., an absolute geoid) 
is the ultimate objective of all geoid computations, and the criteria for 
the geoid to contribute to solutions of problems in oceanography, 
geophysics, geodesy, and the earth's gravity field model. 

In the current Sky lab data, the altimeter bias appears to vary with 
the modes and the submodes described In Kern and Katuckl [1973). This was 
another factor taken into account. For the current data processing, the 
additional assumption Is that (for a "short time Interval") the systematic 
radial orbital errors are of constant magnitude and sign. These two factors 
constrain the current "short time interval" for this set of data to be no 
more than 3 minutes. From the calibration constants shown in Tables 1 and 
2 the assumption of constant radial orbital errors is better satisfied by 
Orbit A than Orbit B. For Orbit A, the rate of change in radial errors 
during this period (close to tracking station) la about 0*3 m par 2 minutes, 
for Orbit B it Is about 3 tn per 2 minutes of tima. Borne avoidable errors 
are in the computation of Orbit B as shown in Wollenhsupt and 8chiesssr 
[1973]. In particular, the gravity model can be improved. This result 
supports a well-known fact that earth gravity model required for accurate 
orbit computation is a very important factor. 

A key indicator of tho reliability of analytically computed 
geodetic calibration constant is the consistency of the adjusted ranges. 

The mathematical model developed for this analysis anticipated imperfec- 
tions in the knowledge of (1) the orbit and (2) tbs delay constants (biases) 
for transforming the radar altimeter returns Into ranges in engineering 
units for geodesy. These problems algebraically add up to be a linear 
radial error relative to the earth's geocenter. Through the tae of the 
discuesed appropriately weighted a priori geoidal heights; (a) no matter 
what the errors in the different sets of ranges used, the derived adjusted 
ranges should be identical if the same orbit Is used; (b) alternatively. If 
a unique set of ranges is used with different orbit data, the adjusted set 
of ranges should differ by only the redial differences between the orbits. 
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The expectations (•) and (b) are established to within the nolaa level of 
the data by the results of Tables 1 and 2, Conversely, the deduced geodetic 
calibration constants should also satisfy condition (b). Thus froa Table l, 
che Constanta 22*8 Minus 15-5 should equal -6*6 sinus 6*1, and froa Table 2, 
23*2 minus 38*8 should equal *6*1 minus 9*4, meters. 



Latitude and Longitude, degrees 


FIGURE 3. EFFECT OF ERRORS 18 A PRIORI CEOID HEIGHT IMPUTE AND 
SCALE DEPENDENCY OF CAL It RATIOS CONST ANT AND GEOIDAL 
HEIGHT 08 GEODETIC CONTROL (GROUND TRUTH) 


CwMA mihu Pidws«» .frMLfismmK AttUntfar 

Figure 4 shows the deduced gooidal heights from the analytical 
processing of the four data combinations already described. Figure 4 also 
shows three other profiles for the sane segment of the geo Id as given by 
Vincent, et al (1972 and 1973) using different conventional techniques. As 
usual, (sea Fubara and Hourad (1972a] and Fischer, et si (1968])tbeae other 
conventional gaold profiles disagree with each other significantly. In 
Figure 4, GG-72 and 06*73 are conventional geold profiles primarily based 
on global gravity data which are too sparse and often very inaccurate in 
ocean areas (70 percent of the globe); therefore, satellite-derived geo- 
potentlsl coefficients were used to augment the maeaured gravity data. The 
present-day accuracy sod extant of coverage of global gravley data and che 
geold are discussed In Decker (1972] and Fubara and Hourad 11973). 
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la using Orbit A, the rmirkable agreement achieved (Figure 4) between 
the analytically computed latelllee altimetry gaold tegmenta AA and AS, and 
GC-73, the Vincent and March (1973) gaold la beyond all expectations. It 
lap L lee that la the area of the lnvaatlgatlon either the GG-73 gaold and 
Sky lab altlaetar arc extremely accurate or that certain factors have 
cancelled out to produce each a aubmeter agreement. Thta remarkable match 
between the analytically computed gaold profllea from BBSP pane 9, baaed on 
Orbit A and the correa ponding conventional geold profile of Vincent and 
March (1973], abould be accepted with caution. Praclalon estimate of thle 
conventional geold la about + 5 to + 15 Be tare in ocean arena, according to 
lta authors. Furthermore, the profile of the conventional gaold plotted, 
was scaled off a very email ecale world nap. Thle latter procese would 
normally Introduce errors Into the plotted profile. This condition easily 
Introduces systematic displacement errors which are not conducive to 
reliable comparison between the two types of gaold segments. Furthermore, 
Orbit A and the 06*73 gaold profile are baaed on an identical earth gravity 
model. Therefore, profiles AA, AS, and 86-73 are not Independent. 

In spite of all these possible sources of discrepancy, and the data 
errors and uncertainties previously outlined, the comparison of features 
between the altimetry geold and this particular conventional gaold (no two 
conventional geo Ids are alike, often differing by teas of meters and 
relative tilts) la very encouraging. The current preliminary results have 
not been corrected for the Influences of saa state, possible nadir-alignment 
errors and departures of the sensor field of view from the nadir. Some of 
the high-frequency features of the satellite altlaetry geold which may be 
a reflection' of these unco reacted Influences have been smoothed out. The 
altimeter ranges refer to some naan sea surface topography of the instant 
of measurement called HISS in Figure 1. The quae lata denary departures of 
MISS from the gaold is significant In the eras of this Investigation 
according to Figures 1 and 2 of Sturges (1972). If the altimeter Is as 
precise as Chess results Indicate, the expected trend In average sea surface 
topography of the area could have been sensed. This Is being studied 
further and computations from EREP pass 4 of mission SL-2 and data expected 
from mission SL-4 should confirm or negate this expected correlation with 
saa surface topography. 

The results from using Orbit B shows as profiles BB and BA of 
Figure 4, show a systematic tilt relative to GG-73 and the results based on 
Orbit A. The msln differences between Orbit A and B have been discussed 
earlier. The conclusion Is that the geodetic outcome of satellite a.-lmetry 
Is extremely sensitive to the computed orbit. The agreement between 
profllea AA and AB based on Che same orbit but different sots of ranges , 
one of which set has known systematic errors, . ..owe that our analytical 
basis la valid and workable for recovery and elimination of the Influences 
of such systematic errors. The same matching applies to BB and BA. 

By merely subtracting the measured altimeter ranges from the 
corresponding satellite geodetic helgbes, the resultant profiles for the 
four data combinations are shown In Figure $. Compared to the results In 
Figure 4, the simple subtraction rssults of Figure 3 show, for the Orbit A, 
remarkable contrast between the "geold" AA (-19 m to 27*3 m) end AB (-49 m 
to -36 m); for Orbit B and the snma two seta of altimeter ranges, "geold" 

BB (-38 a to -40 m to -39 a) differ from BA (-8 m to -11 m to -10 m). Thus 
this slmple-subtrsctlon approach is sensitive not only to the orbit but alto 
to the systematic errors in altimeter ranges unlike the analytical approach. 


The preliminary conclusions from these quick-look data Investigations 
and previous simulation studies Include; 

(1) The analytical data -handling formulations developed for this 
Investigation appear to be very satisfactory. The main oueputs required, 
the geodetic calibration constant, ths gaold height, and the corrected 
altimeter ranges were reliably determined. 
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Latitude and Longitude, degrees 


FIGURE 4. CONVENTIONAL GEOH) AND SATELLITE ALTIMETRY GEOID 
PROFILES (8KYLAB 8L*2 EREP PA88 9 DATA) 



Latitude and Longitude, degrees 

FIGURE 5. SATELLITE HEIOTT MINUS ALTIMETER RANGES AND A CONVENTIONAL 
GEOID PROFILE (8RYLAE SL-2 EREP PA88 9, MODE 5 DATA) 
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(2) To ensure chat the deduced calibration constant and goods tic 

heights ars absolute, the use of geodetic control or a benchmark whose 
absolute geoidal height Is known is indispensable. The establishment of 
such controls from s combination of aatrograviaotry and satellite data Is 
discussed In Kourad and Fubara (1972), and in FUbara end floured (1972a] 
and the practical imp lamentation is partially demonstrated in Fubara and 
Kourad [1972b]. There is an Implicit correlation between this conclusion 
and the conclusion bssed on e different type of lnvestigetion in Rapp (1971] 
that: "In carrying out simulation studies with non-global date it was 

concluded that altimetry data could not be used alone for potential 
coefficient determination.. . . Consequently, the sltlmetry data was combined 
with geo id undulation information In non-ocean blocks and with existing 
terrestrial gravity data.” 

(3) On the assumptions that the altimeter system is stable and that 
systematic orbit radial errors for short time periods are constant, the 
altimeter geold shows very high frequency details Which have been smoothed 
out In the plotted geold or more accurately the sea surface topography. 

Such high frequency details may also reflect die Inexact fulfillment of 
various Implied assumptions or the uncorrected influence of sea state. 

(4) Subject to additional data -processing corrections which the 
current state of the SL-2 data precludes, these preliminary results indicate 
chat satellite altimetry will be a valid and useful tool for computing 
quaslstatlonary departures of sea surface topography from the geold. This 
practical application is Important to oceanographic work related to ocean 
dynamic phenomena such as circulation patterns, mass water transport, ocean 
tides, and ocean-current influences. These in turn relate to sir-sea 
interaction and the knowledge for global numerical weather prediction. Such 
oceanographic factors also affect our knowledge of pollution dispersion by 
the oceans, an important guiding factor in waste disposal, and prediction 

of dispersal and control of oil-spill hazards. Further developments on 
these issues are in Fubara and Mourad (1973). 

(5) Orbit computation in which Inadequately calibrated altimeter 
ranges are employed as constraints is not desirable and presents no 
advantage for processing altimeter data to compute the geold. First, the 
unaodelled range biases Introduce large systematic errors that are not 
admissible in least-squares orbit computation. Such systematic errors 
cannot be accurately eliminated through modelling unless some valid geodetic 
controls are used ae constraints. Second, the use of orbits computed in 
this way to deduce a geold from the same altimeter data with purely 
differencing or graphical techniques would be misleading. For example, the 
geold so deduced would closely match the original geold used In applying the 
altimeter ranges as a constraint in the orbit computation. 

(6) Deduction of a correctly scaled geold from satellite altimetry 
cannot be achieved by merely subtracting altimeter ranges from the corres- 
ponding geodetic heights of the satellite unless (a) the satellite or hit is 
errorless, (b) the altimeter does not drift, and (c) the altimeter system 
biases are either nonexistent or are absolutely known. Therefore, In 
currant practice, satellite altimetry ranges cannot be regarded as 
representing direct determination of absolute geold heights as one would 
like to assume. At this time marine geodesy, involving the use of astro- 
gravimetric end satellite geodesy techniques, appears indispensable for the 
provision of geodetic controls required for the full achievement of 
satellite altimetry objectives of GEOS-C, end SEASAT series of the NASA- 
proposed "Earth and Ocean Physics Applications Program". 
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GEOID DETERMINATION FROM SATELLITE ALTIMETRY 
USING SAMPLE FUNCTIONS 


R. D. BROWN 

Computer Sciences Corporation 


ABSTRACT 

While recent altimeter experiments have proven the ability of altimeter data by 
Itself to define the marine geold, in general a M a t he m a t ical geo id or geopotential 
model must be used to Interpolate and define the geo Id in regions where altimeter 
data Is sparse. L undq u ia t and GlaeagUa (19691 have proposed using a geopotentlal 
model comprising spherical harmonic sample functions for this problem) the conven- 
tional spherical harmonic model having been found unsuitable because of the global 
nature of the harmonic functions. Two algorithms wen proposed by Lundquist and 
GlaeagUa for ap p lication of tbs sample function model to the altimeter problem. The 
first Involves dlagonulization of the normal matrix and the second, aggregation of data 
and Interpolation between sample points. These two algorithms are evaluated in nu- 
merical si m ulations of the geold definition problem In order to choose dm most prom- 
ising algorithm for actual data processing. Algorithi 1 Is found to be fairly accurate 
but time consuming and difficult to Implement for high degree models. Algorithm 2 
Is inherently leas accurate but much bister and can readily model geold details as 
small as 1° by 1° squares. 


1. INTRODUCTION 

Recent experiments with the Sky lab radar altimeter have demonstrated that the 
fine detail of the marina geold can be defined very well by altimeter data (McGoogan 
et.al. (1974)). But sufficient altimeter data for defining the global mr rlne geold to 
1° by 1° detail may be many years is the future due to the limited --mber of planned 
altimeter satellites and their operating constraints. Also this direct method at geold 
definition does not provide geold heights in areas where there is no altimeter data mob 
as between altimeter data points. For these areas, a less direct metis: svoh as in- 
terpolation from a mathematical model of the geold or geopotentlal must be used. 

As Lundquist and GlaeagUa (1969) have pointed out, some geopotentlal models are 
more appropriate to the altimeter problem than others. The altimeter problem is 
here defined as the differential correction (DC) of model parameters to minimise the 
variance of altimeter measurement residuals, and the subsequent calculation of geold 
he .ghta from the corrected model. Due to the global nature of the spherical harmonics, 
the standard spherical harmonic expansion modal Is Impractical for recovering 1° by 
1° geold detail from the dense but nan-unlfermly distributed and nan-global altimeter 
data. Ap p lication of such a model to this problem world require Inversion of a normal 
matrix of rank 32,761 to perform s DC an the hsnnaric coefficients. This operation 
would pose severe if not insurmountable data storagi problems for even tbs largest 
computers. A possible solution is the utilization of a geopotentlal model oomprialng 
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tonal as s pp oaed to the global harmonies. This would reduce the rank of the 

normal matrix to a manageable sire. 


Such a model has base proposed by U ad gdst and CaacagUs 0969) using a sample 
haw which is obtained from the spheric a l harmonica by linear transformation. 
These sample hwMm Sj. (6, X) are defined an a global grid at sample points 6j. 
by the relations 
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where 6^ is the Krooecker delta. 



la the rector of spherical harmonics 


given by 
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[C] is file matrix of transformation coefficients, 

flj* XjX ^ (6j. Xj), 

V <® x . Xj), t fi 2 . Xjl, 

L ■ <K * l) 2 is the maximum number of terms is the sphe ri cal harmonic expan- 
sion of degree N . and 0, X) are geocen t r i c latitude ad longitude respectively. 

The sample fasctlons are local taction, Le. , they achieve a aignificaat non-sero 
value only in a small neighborhood of their re sp e cti v e sample points. Each ssmpk* 
function, by virtue of this property, more or toss des cri b e s the geoid in the neighbor- 
hood at its own sample point. This permits a great reduction la the rank of the nor- 
mal matrix and permits calculation of geoid heights in a particular geographic area 
without evaluation of all terms of the geopotential model. 


... 70 l> x l , 
... X^l 


<41 


For implementation of the sample foncttagecpotentlal model. Lindquist and 
Giacaglia (1969) proposed an algorithm, hereto called a lg o ri t h m 1, tamrhrlBg fire as- 
sumption of a diagonal normal matrix. For example, consider the problem of fitting 
geoid height data la one dimens ten along a parallel of const an t latitude. Id fids case 
the spherical harmonics reduce to tr ig o n ometr ic polynomials in longitude and the re- 
lated sample functions are the trigonometric sample functions described to Lwdquist 
and Giacaglia (1969). Figures la, b, and c show, respectively, a typical geoid date 
profile, the trigonometric polynomial functions of degree 2, and file related trigono- 
metric sample tactions for degree N » 2. In one dimension, fids results is a 6 term 
model. We shall attempt to a pproxi m ate tee geoid data, represented by data points 
h| , i *1, 3. .... 19, by a linear expansion of trigonometric polynomials of degree 2 
and a Unear expansion of t rig on o me tri c sample functions 6. (X) of degree 2. That fa, 
we seek the coefficients a^ , , and Cj , for which approximations 

hjiX) = a 0 ♦ Sj cos X + bj sin X * a 2 cos 2X ♦ b g sin aX 
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Figure la: Geoid Height Data at Selected Points 



Figure lb: Trigonometric Polynomials of Degree 2 



Figure 1. Sample Function Application Example 
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h s <M « c 0 « 0 (X) + ♦ c 2 « 2 <X) * c 3 « 3 (X) + c 4 * 4 «X) (6) 

are the best fit. in the least squares sense, to the data bj . Differential correction 
of coefficients a k , , and cj . requires the formation of con d i t ion e q aatt nns for 

each of the 18 data points. For example, for the 9th data point, we form for foe trig* 
ooometric model 


ahj.g = da 0 + da 4 cos A 9 » da 2 cos a 9 ♦ db 4 sin X 9 + db 2 sin 2A g + « T (7) 
and for the sample function model. 

^S9 “ *0*0* ‘ *lW * ^tW * ^sW + *«W * «S W 

where t and c are the random errors due to unmodeled effects. 

X s 

These condition equations, one for each data point, result in general la a matrix 
normal equation of rank 5 which is solved by Inversion for foe vector of coefficient ad- 


However, if we examine foe terms of foe sample function condition e qu a t ions we 
find that they are all small except the term whose sample function region of definition 
contains the data point. This region Is bounded by the two vertical bars la Figure lc 
for fimctfon «3<X) . if we keep only the partial de riv a ti ves for data within the sample 
function region of definition and neglect all other partial der i v at ives, then the complete 
set of con dit ion equations for the sample functions reduces to equations of one term. 
For example, for data points 1 = 9, 10, 11, and 12 we have 

dhg, = ACgdglA^ I = 9. 10, 11, 12 (9) 

The related normal equation for all data points becomes diagonal (of rank 1) and may 
be solved term by term. For example, foe correction to is given simply as 



and no matrix Inversion Is necessary. This is the basis of algorithm l. of course 
some error Is committed In assuming a diagonal matrix. This to the error doe to 
neglect of foe off-diagonal terms of the normal matrix, i.e. , the terms whose sample 
function partial derivatives are evaluated at data points outside their regions of 
definition; f,(k u ) and OjfXg) for example. In effect, we assume the sample func- 
tions have mui vahie outside their region of definition. The sample taction 93(A) to 
in effect assumed to have the shape shown in Figure lc by foe heavy Unas. The effect 
of this assumption to evaluated by c ompu t e r simulation described In Section 3, Com- 
putation of geotd heights from algorithm 1 Involves evaluation of all of the sample func- 
tions at the desired point. No simplification to afforded by algorithm 1 for this 
c o m pu t a tion, which can be rather time consuming. 

For this reason, and perhaps to avoid foe necessity for computing foe transforma- 
tion matrix [c]" 1 of Equation (2), Gtocaglto and Lundquist (1972) proposed a simpler 
algorithm, herein called algorithm 2. to this algorithm all altimeter data within ths 
sample region to aggregated or averaged and the average value to assigned to the 
sample point centroid of the sample region. Thus foe sample function coefficient DC 
process to simply a process of data sorting and averaging. To calculate geo id heights 
at data potato intermediate to sample points Giacaglla suggests using an elementary 
interpolation function technique. 
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Section 2 details the procedure to be used In numerical simulations of these two 
algorithms as applied to the altimeter problem. 

Section 3 presents a discussion of the sample fimettou geopotenttal and the methods 
of construction of the sample functions which is important to understanding algorithm 1. 
An exposition of the error Incurred In dlagonallzatlon of the normal matrix In 
algorithm 1 Is also presented. 

Section 4 presents the development of an interpolation technique for use with 
algorithm 2. 

Results of numerical simulation testa using both algorithms are discussed and 
compared In Section 5. 


2. APPROACH 

in this paper both algorithms are utilised tat computer almalatlons of the altimeter 
problem and their performance la compared with a view toward processing opera tiona l 
altimeter data. The most meaningful criterion for comparing these sample function 
geopotenttal model algorithms is based cm the geo id surface. This Is the surface that 
is measured (in the mean over the ocean) by the altimeter and It la readily obtained 
from geo putait la l model parameters. Tha candidate formulations are written In terms 
of the disturbing potential T . Through Bran's formula, (Helskanen and Moritz (196?)), 
the geopotentlal models generate a corresponding model of geo id heights. To compare 
the model algorithms, it is proposed to; (1) generate simulated altimeter data ewer a 
predetermined standard geo Id. This standard geold will be defined so ss to represent 
actual altimeter data distributed over a real local geold; (2) use this simulated altim- 
eter data to di ff eren t ially correct the coefficients of the sample function geopotentlal 
model via both algorithms and construct corresponding geold surfaces; and (3) com- 
pare the geo Id heights of the standard geold with those calculated by the model algo- 
rithms. The resulting root sum square difference in the geold heights between the 
standard geold and the calculated gnolds Is a measure of the efficiency of the algorithm 
formulation In r eco ve r i ng geopotentlal information from altimeter data. We have de- 
fined the altimeter residual as 


Ah=H-H C (11) 

where H la the observed altitude and H C is the altitude calculated using satellite 
position and a priori geold information. 


From Brown, (1972) the vector relation between altitude and gjold undulation Is 

( 12 ) 


-1 

o se 


where T Is the geocentric vector to the satellite 
e 

"iT s is the geocentric vector to the normal to the ellipsoid through the satellite 


Therefore we may replace the altitude residual by an undulation residual 

Ah - |‘ff-H c | = -fTT-tTl £-AN (13) 

assuming that ~R and "H® are col inear. This enables us to replace Ah by -AN In 
coodtttoo equa t i o n s , making unnecessary the simulation of the satellite position for 
geopotentlal model testing. 
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Geold undulation or geold height residuals &N are constructed by subtracting a 
calculated geo id height (ram simulated observed geold height at a particular point. A 
standard geold specified by a table of geold heights will be used as the s im ula t ed ob- 
served geold heights. Calculated geold heights will be sera Initially. 

The chosen standard geold is derived from astrogeodetle measurements compiled 
by the National Geodetic Survey. 1 This geold Is specified by a table of geold heights 
at certain toe tions (latitude and longitude) on the reference ellipsoid. 

The standard geold serves as a standard for comparison of fit of the geopotential 
models and also as a basis for simulating the observed altitudes (geold undulations). 
The simulated observations are generated by adopting the standard geold values with- 
out modification. 

The condition equations formation thus enabled, normal equations are formed and 
solved and a new geold is calculated from the adjusted geopotential coefficients at the 
standard geold point locations. The RMS value of the geoid height differences at these 
points, after adjusted coefficient values have converged, 2 shall be the primary criteria 
of the comparison. Both candidate sample function algorithms shall be fit to the stand- 
ard geold by the above procedure. Considerations of the computer central processor 
unit (CPU) time and input/output (I/O) time required shall be important factors in the 
comparison, however. 

The performance of the algorithms will be compared at various levels of detail, 
l.e. , for various degrees of model expansions. The minimum level of detail tested 
will correspond to 25.7° by 25.7° square elements on the surface of the globe and the 
maximum level of detail will correspond to 1.4° by 1.4° square elements. 


3. SAMPLE FUNCTION GEOPOTENTIAL MODELS - ALGORITHM 1 

To construct the sample functions In terms of spherical harmonica, roe must 
evaluate the matrix of transformation coefficients [CT 1 of Equation (2). This may- 
be done in several ways. We may simply numerically evaluate and Invert tbe [C] 
matrix. Equation (3), provided that the chosen sample points (8 ( . A.) do not render 
this matrix singular. While straightforward, this method is difficult to Implement as 
N increases. For N = 180 . corresponding to an expansion capable of modeling 1° 
by 1° geoid detail, tbe matrix [c] la of rank 32,761 and is tnvertable only by 
laborious partitioning methods. 

Another way to implement the transformation Equation (2) la to transform the 
spherical harmonics to a set of functions which are orthonormal In summation over 
the sample points. Then the new transformation matrix [ D] becomes orthogonal 
and 


(14) 

Lundquist and Giaraglia (196!)) suggest implementing this transformation by Cram- 
Schmldt orthogonalization over the chosen set of sample points. This method, which 
involves a good deal of computer time for higher N values. Is the method currently 
used in sample function-spherical harmonic transformations. 

Of course, 11 the set of sample points can be found for which the spherical har- 
monics are orthonormal In summation, then we may write for the transformation 
equation 


where [C] is given by Equation (4). 


(15) 
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At the present tfane the sample paints for which the spherical harmonics are ortho- 
gonal are unknown for degree N larger than 1. For higher degree models, spherical 
bannoelc-llfee sample tactions are cogatructed by the Gram -Schmidt method an a set 
of sample points distributed uniformly over the globe according to Bunrtqulst and 
Giacaglia's 1-3-6 distribution rule. 


The Earth's disturbing potential is expressed In terms of sample fu nc t io n s by 
transforming the spherical harmonics by Equation (2). The disturbing potential is 
given in terms of spherical harmonics as 


T<r.9.A) 


N n . .i 

£££> 


C X (8,X) H 
nm om * 


< w > 

nm nm | 


where |i is the Earth's gravi t a tional constant 
r Is the geocentric radius vector 
a is the equatorial radius of the reference ellipsoid 

6C are the differences bet w een the canal coefficients of the gravity field 
model and the reference field model 

C , S are tbe geopotential model coefficien t s 
nm nm 

By the Gram -Schm kit te chniq ue we may construct a relation between tbe spherical har- 
monics and the sample tactions as 

T(8.X, = CDf[E](|j : jj) (17) 

where [D] is the orthogonal matrix of vectors [E] (3? (9, A), (9, A) ) T evaluated at 
the sample points and [E] la tbe matrix obtained from Gram-Schmidt ortbogoaaliza- 
tioo of the spherical harmonics. Rewriting Equation (16) la vector form and substitut- 
ing die inverse of Equation < Z7 > we have for the disturbing potential in sample functions 


T ( r. 9. A) - Jif T ■ 7(9, A) 

where ( , the vector of sample taction coefficients, is given by 



(IB) 


(IB) 


Following the development in Brown (1973) and by analogy with Equations <9) and 
(10), we obtain a diagonal normal matrix which may be solved for adjustments to die 
sample taction geopotential coefficients as 


AC 


J 


Stv.-M*'? 


<»> 


where all measurements 1 = 1, 2,..., m fall wttWa the region of definition of tbe 
1 th sample taction. 
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ThU assumption of a diagonal normal matrix (single term ccodiUoo equation) will 
oauae an error in the recovered geopotaotinl coefficient adjustment due to the neglect 
of the effect of adjacent correlated sample functions. The effect of a d j a ce nt sample 
func tio n on the deferential correct io n of a sample function In whose region the data 
point falla la expected to be of s e co nd order due to the localised nature of the sample 
functions (see Figure lc). However, the cumulative effect of all adjacent sample fane* 
ttona may be significant. 

The actual error incurred in diagonalizing the normal matrix for the differential 
correction of spherical harmonic sample functi ons coefficients may be evaluated by 
c omputer simulation. The differential correction of geopotential coefficients La calcu- 
lated from simulated altimeter data by tee methods: (1) the hill normal matrix, include 
lag partial derivatives of all terms of the expansion for all data, is inverted; sad 
(2) the diagooalised normal matrix la solved term bp term. The difference in the cor- 
rections to foe coefficients in these two caeca Is one measure of the error caused by 
diagcnalisation. Another Is the root-mean -square (RMS) difference between calculated 
and simulated altimeter data. The case simulated la shown In Figure 2 as a map of 
tiie sample function boundaries. The degree of expansion Is seven, l.e. . N « 7, re- 
sulting in 64 sample functions. Oeoid height data, used for simulation of altitude 
residuals (Brown, 1973), Is di stri b ute d over 34 of these function regions in s fashion 
which permits S data points per sample region. The data point positions are depicted 
to Figure 2. These geoid height values, obtained from the 1° by 1° detailed geoid 
maps of Vinoent, et al, (1972) are differenced with geold heights calculated from the 
SAO-69 geopotential model (Qapostiridn (1970)) aad normal Agnations are formed for 
adjustment of the sample toctlnc coefficients. Solution of the full normal matrix of 
rank 34 yields the coefficient adju s tme nts which are regarded as the standard of com- 
parison. These are the adjustments which minimise the square at the residuals when 
the sensitivity of all sample functions to all the data is considered. 

The results of this differential correction are shown in Table 1. The coefficients 
calculated from the a priori field model are presented in terms of geoid height at the 
centroid of the sample function area. The differential correction to several coefficients 
is shown for the solution of the fail normal matrix (con ve r g ed In one iteration) and tor 
several iterations of the solution of the diagonal normal matrix (oonverged m 11 itera- 
tions). The correct adjustments, l.e., those from the solution of the fell normal 
matrix have an average of -2. 86m with a standard deviation of 30.80m. 

From theoretical consideration of these statistics, (Brown (1974)), a worst caw 
coefficient error of 41.28m Is predicted when the normal matrix la diagonalized. The 
RMS deviation of the diagonal normal matrix adjustments from the correct adjustments 
was 16.33m RMS in the first Iteration, dropping to 12.79m In the final Iteration. This 
la significant but well within the predicted maximum error. The adjustments from the 
fell normal matrix notation (the correct adjus tm en ts ) were used to c alcul a t e geoid 
heights at the data points and the difference between these values aad the observed data 
to 4.35m RMS. The corresponding residual statistic from the co n ve r ged value of the 
diagonal matrix solution is B.SSm RMS. Thus diagonalization of the normal matrix 
resulted In an increase of RMS error of fit of about 103 percent. 


Table 1. Sample Function Coefficients 


Sample 

Function 

No. 

A Priori 
Value 

Adjustment 
Using Full 
Normal Matrix 

5 

-33.35 

47.15 

6 

-68.89 

41.62 

7 

9.03 

38.01 

8 

-27.42 

42.32 

9 

-59.09 

32.90 


Iteration 
No. 1 

Iteration 
No. 5 

Re ration 
No. 11 

73.06 

43.88 

44.47 

50.65 

42.18 

41,87 

49.05 

42. 21 

41.70 

45.00 

37.70 

37.87 

36.41 

29.93 

30.14 
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Figure 2. Sample Function Regions and Data Distribution 
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Table 1. Sample Function Coefficients (Cont'd) 


Sample 


Adjustment 




Function 

A Priori 

Using Full 

Ete ration 

Iteration 

Iteration 

No. 

Value 

Normal Matrix 

No. 1 

No. S 

No. 11 

16 

-16.97 

25. 54 

24.94 

19.99 

19.99 

17 

38.68 

7.69 

13.36 

8.16 

8.11 

18 

0.80 

9.91 

20.42 

8.20 

8.17 


4. SAMPLE FUNCTION GEOPOTENTIAL MODELS • ALGORITHM 2 

Algorithm 2 represents a substantial simplification of the sample function DC 
process. Estimation of model coefficients (assuming zero a priori value) is merely 
a process of forming Hie average value of Hie geo Id heights encompassed by Hie sample 
region. That is, by analogy with Equation (20), 



where the geocentric radius to the data points has been set to the constant value a , 
the equatorial radius of the reference surface. This value ACj is ascribed to the 
centroid of the sample region, Le. , the sample point. As Giacaglta and Lundqulst 
(1972) point out, these coefficient values may be transformed by the matrix [C] 
(Equation (4)) to obtain estimates of the equivalent set of spherical harmonic coeffi- 
cients. 

Considerable simplification also occurs in the calculation of geoid heights at points 
intermediate to the sample points. Glacaglla and Lundqulst (1972) suggest the use of 
the spherical sample function as an interpolation function between sample points. 

These functions have unit value at a particular sample point and null value at all 
Immediately adjacent sample points. Numerical simulations have revealed the ex- 
istence of more suitable interpolation functions but the application principle is the same. 
We desire the intermediate height values to lie on a smooth surface through Hie sam- 
ple points which is continuous and preferably differentiable at all points in the modeled 
region. This is the classical interpolation problem in two dimensions. However, as 
mentioned by Jancsiti a and J unkins (1973), the standard Interpolation techniques re- 
sult in unwieldy functions or numerical difficulties when applied to a large two dimen- 
sional array of values such as are formed by algorithm 2. To avoid these difficulties, 
Junkins and Jancaitla have developed a sequential surface averaging method baaed on 
locally valid polynomials which yields mth order continuity at the boundaries of the 
regions of validity. They have found that this interpolation method approximates 
local data in a weighted least square sensei permits efficient calculation and direct 
access of Its determining parameters; is easily utilized for arbitrarily large data 
sets; and allows significant compaction of storage of the Interpolation polynomial 
parameters. 

h> Figure 3, the profile of a sequence of algorithm 2 sample function coefficients 
In one dimension Is presented. To obtain a smooth functional representation of this 
sequence, an Interpolation function Ax) la constructed as a weighted average of two 
adjacent sample function coefficients. 

The weighting functions are shown In Figures 3b through 3d. The domain of a 
given local polynomial function spans the domain of the associated sample function 
Fj(x) and extents to cover half the domain of the adjacent sample functions. Note that 
the weighting functions have unit value at the associated sample point and diminish to 
zero at the adjacent sample points. The Interpolation curve profile le shown In 
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Figure 3*. FtoaJ Interpolation ProCUe 


Figure 3. Local Weighting Function Approach to Interpolation in One Dimension. 
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Figure 3e. The resulting curve Is smooth, achieving the value of the sample functions 
at the sample point and having zero derivative at the sample point. 

Generalization to two dimensions Is obtained by forming the product of the weight- 
ing functions In each of two orthogonal directions. 


5. COMPARISON OF SAMPLE FUNCTION ALGORITHMS 

In this section the results of numerical simulations of the al t i m eter problem are 
presented and compared for the two sample function model algorithms. 


5. 1 Sample Function Model Test - Algorithm 1 

Computer simulations of the ability of the spherical harmonic sample function 
model to recover the standard geo id were conducted for degrees 7, 9, 12, and 16 using 
algorithm 1, diagonal Izatlon of the normal matrix. The simulation results are shown 
in Table 2. The RM8 error of fit to the standard geotd heights varies between 1.79m 
and 7.69m and seems to bear no relationship to the degree of the expansion. Since 
the standard geotd area Is only 20° by 20° in else, these relatively low order models 
do not represent the fine details of the standard geold. The mean spherical arc dis- 
tance between adjacent sample points In the test region Is 27.22 degree tor N • 7 and 
16.35° for N » 18 . Because of this, small shifts in the location of the sample regions 
relative to the standard geold data can cause large changes in the quality of the model 
fit. This may explain the absence of a pattern of decreasing RMS error as N in- 
creases. At N « 16 we see also the effect of numerical Instability due to the Gram- 
Scbmldt process. 


Table 2. Algorithm 1 Test Results 


free of 
lanslon 

Mean Sample 
Point Spacing 
(deg) 

RMS Error 
of Fit (m) 

Computer Time 3 
Used Per 
Iteration (sec) 

Number 

of 

Iterations 

7 

27.22 

5.24 

41 

8 

9 

24.77 

1.79 

104 

4 

12 

19.10 

1.99 

(275) 

6 

15 

16.38 

7.69 

554 

4 

36 



(17,400) 


180 



(10,310,000) 



Extension of these simulation tests to higher degree is not practical at this time 
due to the prohibitive amounts of computer lln, t . equlred. As the degree of the model 
N Increases, the computer time (CPU plus I/O) needed to converge to a solution in- 
creases dramatically. The computer times In Table 2 are observed to increase pro- 
portional to (N ♦ IP . This is expected since the number of model terms is (N * l) 2 
and the number of terms In the normal matrix is (N * 1 1 4 . The observed proportion- 
ality has been extended In Table 2 to obtain running time estimates for cases N = 36 
and N - 180 . 


5.2 Sample Function Model Teat - Algorithm 2 

The sample function algorithm 2 was employed to fit the two-dimensional standard 
geold using a square grid of sample regions, ranging In size between 21.8 and 1.4 arc 
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degree*. The sample fu n c tion coefficients are evaluated as per Equation (21) tn Sec- 
tion 4. An Interpolation is also calculated between sample points as described In Sec- 
tion 4 in order to obtain a smooth model surfaie. The results of these simulated 
geold recovery runs are summarised In Table 3. The small amount of computer re- 
sources required for computation of these model coefficients compared to the spheri- 
cal harmonic sample function coefficients allows modeling of the standard geold to 
much higher detail. The maximum detail (minimum area) represented la about 1.4° 
by 1.4° arc degrees r (responding approximately to degree N - IStB . The fit of the 
interpolated model ’ < • * to the standard geold is 74 cm. RMS in this case (see 
Figure 4). The fit wcr- as the degree decreases going from 0.74m to 6.74 RMS as 
N decreases from 125 w . 


Table 3. Algorithm 2 Teat Results 


Degree of 
Elmans ion 

Mean Sample 
Point Spacing 
(arc deg) 

RMS Error 
of Fit (ml 

Computer Time 
Used Per 
Iteration (sec) 

Number 

of 

Iterations 

8 

21.78 

5.74 

6.5 

6 

15 

11.75 

4.29 

7.2 

5 

30 

5.89 

1.92 

6.8 

4 

60 

2.96 

1.16 

7.7 

3 

125 

1.44 

.74 

14.4 

3 


In the cases N = 80 and N ■ 125 , the quantization of the standard geold area 
into sample regions resulted In several sample regions which contained no data. To 
remedy this problem, a simple technique for estimating or extrapolating a value for 
the coefficient of the empty regions was used. If these regions were left unadjusted, 
the fit worsens to . 88m for the case N = 125 . 

Interpolation also has a salutory effect on the RM8 error of fit using algorithm 2. 
For example, without Interpolation, the tit degrades to 1. 13m for N ° 125 . 


5.3 Comparison of Results 

Comparison of the two spherical harmonic sample functloo algorithms in terms of 
accuracy of fit of the standard geold is difficult. Construction of the spherical har- 
monic sample function model using algorithm 1 for degree sample region size smaller 
Burn 15 by 15 arc degree Is impractical due to the large amount of computer time con 
sumed. For larger sample region areas, the results are ambiguous due to data 
distribution-sample region location effects which occur when foe sample cell size 
spp roaches that of the size of the data region (about 20 by 20 arc degrees). The best 
fit with algorithm 1 is 1.79m RM8 for degree N • 9 and a mean sample point spacing 
of about 24.77 arc degrees. This compares roughly to the case N«8 In algorithm 2 
with a mean sample point spacing of 21,78° and an RMS error of fit of 5.74m RMS. 
Thus one might conclude that the algorithm 1 sample function model Is superior to 
algorithm 2. But for one tenth the oomputer time, one may obtain a solution in algo- 
rithm 2 which fits smaller details of the standard geold and with an RMS error of 
74 cm. In practice, by increasing model degree N , this algorithm can surpass the 
results of algorithm 1 in accuracy with little or no Increase in cost to compute. 
Furthermore it has been proven feasible and practical to construct a highly detailed 
(1.4° by 1.4°) local goold and geopotaotlal model by processing altimeter data using 
algorithm 2. At present this is not practical using algorithm 1. Thus for the for see - 
able future algorithm 2 is reoosnmended for recovering geopotential and geold Informa- 
tion from satellite altimeter data. Extension of this modeling technique to a global 
geold is elementary. Since the sample functions are orthogonal, several local geold 
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Figure 4. Solution Map (or Algorithm 2 (N “ 125). 
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me ■+ may be adjoined at their common boundaries to form larger, perhaps global, 

geov.i ; . (dels. 
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FOOTNOTES 

^Obtained from Dennis Carrol of the National Geodetic Survey, Rockville, Maryland. 
2 

Even though the geopotential formulations are linear In the geopotential coefficients, 
convergence may require more than one Iteration due to the neglect of the correla- 
tion of adjacent spherical harmonic sample functions In the spherical harmonic 
sample function model. 
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Using the GSFC IBM 380/95 computer in the high speed core mode. 
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ABSTRACT 

A system Is proposed to neasare the Reflection of the 
vertical (BOW) at sea. Two earth satellites are seed, separated 
by about 300 ha in the sane, near-polar orbit . Bach carries a 
rater altimeter. A 3 ghz satellite-to-eatelllte doppler link 
connects the two satellites. By subtracting consecutive readings 
of the altimeter in one satellite, the BOW component along the 
satellite's ground track is determined. Doe to the earth's 
rotation, the satellite ground tracks are separated by about 14 
ha; thus by subtracting the altimeter readings ia one satellite 
froa those in the other, the BOW component across the ground 
tracks Is fo"M. Since all altimeter readings are differenced, 
only precis 1 not absolute accuracy of altitude measurem e nt is 

required. Satellite orbits integrate high frequency geodetic 
effects; these are highly correlated between and along the satel- 
lite orbits, and introduce little error. The satellite-to- 
satelllte link provides the necessary information to remove 
biases. Detailed study of the effects of geodesy, tracking, and 
other errors indicate that it is feasible to cover the world 
oceans in 3 to 6 months; measuring the DOW to an accuracy of 3 to 
4 arc sec at points on a 10 to IS km grid. A satellite altimeter 
capable of 10 cn precision is required and is documented in a 
report by HacArthur (1973). 


INTRODUCTION 

The Applied Physics Laboratory, sponsored by the Havy Space 
Projects Office (PH-16) has studied the use of satellite-borne 
altimeters in measuring the small scale structure of the geoid. 
In particular, to determine their feasibility in documenting the 
deflection of the vertical (DOW) in broad ocean areas. This 
paper is a synthesis of the detailed report (APL, 1973) 

Then, are several factors which have motivated interest in 
the use of satellite-borne radar altimeters. 

First, all evidence indicates that mean sea level (MSL) is 
a very close approximation to the geoid; a surface of constant 
potential in the combined gravity and centrifugal fields of the 
earth. The largest departures of MSL from the geoid are due to 
the major ocean currents. The Gulf Stress, one of the strongest 
currents, produces aim height change over a 100 km distance, a 
slope of 2 arc sec (Sturges, 1972). Wind waves, tsunamis, tides 
etc., cause even smaller deviations. Therefore, detailed 


'This work was supported by the Navy Space Projects Office/Naval 
Electronics Systems Command, Department of the Navy under Navy 
Contract N00017-72-C-4401 . 
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information on the shape of the sea surface will greatly enhance 
knowledge of the earth’s gravity field. 

A second factor is the current status of satellite geodesy. 
Dynamic satellite geodesy has bees a highly successful technique. 
When the first satellites sere launched, errors in determining 
the position of the satellite were of the order of a kilometer. 
With models of the gravity field that are now available, the 
errors are (on the order of) 10 meters. Since, however, a satel- 
lite's motion is very insensitive to the small scale features of 
the earth's gravity field, the existing gravity andels reflect 
features with a scale of 1000 kilometers or larger. To augment 
the current models and reflect in them the small (10 km) scale 
structure, new measurement techniques are required. 

Since satellite-borne altimeters are capable of resolving 
features on the order of tens-of-ki lometers over the broad ocean 
areas, they promise to yield significant improvement in our 
knowledge of the earth’s gravity field. A major challenge has 
been the design of a radar altimeter that could provide the nec- 
essary precision. Surprisingly, within the current state-of-the- 
art in hardware developKnt, this now seems feasible. HacArthur 
(1973) and Goldfinger (1973) present and analyze the design of 
a 10- ca precision altimeter. 


THE DEFLECT! OK OF THE VERTICAL 

The most precise way of using the altimeter data is in com- 
puting the deflection of the vertical. Bany of the error sources 
are strongly correlated between consecutive measurements; thus 
their net effect is considerably reduced in computing the surface 
slope. 


The DOT is defined as the angle subtended by a) the normal 
to the geoid and b) the normal to a reference ellipsoid at the 
point of intersection on the geoid surface. This angle, at any 
point, can be represented by two Independent components; usually 
taken as the deflections in the north-south and in the east-west 
directions. However, we can start by finding the deflections in 
any two independent directions and subsequently resolving them 
into the north-south and east-west components. In studying the 
use of satellite altimetry, it is convenient to take the two 
directions as the "a long-track" and "cross-track" directions, 
respectively. The along-track component is measured along the 
direction in which the sub-satellite point is moving on the sur- 
face of the earth, and the cross-track component is measured in 
the perpendicular direction. 

The orbital motion of the satellite supplies the horizontal 
displacement needed for finding the along-track component, but 
some independent w - must be found for finding the cross-track 
component . 

In the GB0S Program (NASA, 1973) this will be accomplished 
by placing the satellite into an orbit with an lncllnatloc of 
115”. Thus, the intersections of north-westerly transits with 
south-westerly transits will provide the two necessary indepen- 
dent measurements needed to define the DOT. 

This method is straightforward, but it requires that the 
altimeter continue to work in orbit for a long period of time. 
More seriously, complete reliance on the results obtained by a 
single satellite is required. The limited redundancy in the 
technique leaves much to be desired. 
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THE BOVIHETKB 

A Kthod (Black, 1972) that overcomes these disadvantages is 
based upon the use of two identical satellites that are placed 
into the ease orbit (Figure 1). Bach of the two satellites would 
contain the following instrumentation: 

1. A radar altlaeter, 

2. Data storage with telenetry readout over selected sites, 

3. Doppler beacons to pern 1 t tracking by means of the 
TRANET tracking system, 

4. A satellite-to-satellite link to permit each satellite 
to measure the Doppler shift of the radiation from the 
other satellite, 

5. Low-level thrusting instrumentation to make minor 
adjustments in the along-orbit position. 

We call this two-satellite instrument "the Dovimeter" since 
it is quite literally a deflection of the vertical "meter". The 
common orbit would have an inclination of about 70°. This 
permits covering all open-water areas of the oceans. In the 
event that one satellite fails before mapping of the entire earth 
is complete, this inclination allows the single-satellite method 
of operation. An orbital altitude of 1000 km does not impose 
severe power requirements on the altimeter design and is high 
enough such that drag effects on the satellite are not a problem. 

Both satellites would be launched on the same vehicle, as 
nearly as possible into the same orbit, except that they would 
be separated along orbit by 200 kilometers (30 seconds in time). 
This separation distance is not critical and needs only rough 
control to keep it within acceptable bounds. Whatever the 
spacing, it sill be carefully monitored using th« tracking data. 
This satellite configuration is shown in Figure 2 as viewed by 
an observer on the earth. 

As satellite 1, the lead satellite, moves around the earth, 
its sub-satellite point traces out the line CD on the surface of 
a reference ellipsoid that approximates the earth. Satellite 2, 
the trailing satellite, is in the same orbit as seen from space . 
However, by the time it reaches the point analogous tod!, tne 
earth has rotated by a small amount. Thus, the sub-satellite 
track of satellite 2 is displaced westward from CD, to AB, the 
line BC is a cross-track line between the satellites. With an 
in-plane separation distance of 200 kilometers, the maximum east- 
west distance between the two satellite subtracks sill be 14 kil- 
ometers at the equator. 

The deflection angles would be computed in two different 

ways. 


First, a polynomial fit to each one-second span of altitude 
data from each satellite would be performed. This computation 
could be done on the satellite and only the fitted parameters 
saved for transmission at some later tine. This would greatly 
reduce the storage requirements needed by each satellite and 
simplify the logistics of transmitting the data back to earth. 

The along-tracfc slope determined by this fit will not be 
affected by any constant bias in the radar altimeter. The two 
major error sources are the differential satellite altitude 
errors over the data span and the altimeter measurement noise. 
Because of the relative geometry, satellite along-track and cross- 
track errors do not have a significant effect on the slope deter- 
mination. In computer simulations that we have performed. 
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satellite epbeaerides sere generated which contained BUS errors 
of 40 meters. The differential altitude errors over 1 second 
tlae intervals in the epheserls of each satellite had an US 
amplitude of l.S cs . This would cause an error in the DOV of 
less than 0.5 arc sec (see Appendix for details). 

To coapute the cross-track coapooent of the DOV we use those 
height aeasureaents between satellites when both occupy 
(approximately) the sane arguaent of latitude on the sane orbital 
revolution. 

Tbe success of this slope deteralnation depends on several 
factors: 

The uncorrelated geodesy error between the two satellite 
epbeaerides conputed for the sane arguments of latitude. This 
error depends on tbe aagnltude of tbe geodesy errors in each 
epbeaerls and on tbe in-plane separation distance between the 
two satellites. It is also important, when deteraining the 
orbits of both satellites, that a "compatible" set of initial 
conditions be found. For exaaple, if tbe ground-based Doppler 
data obtained froa one of tbe satellites contained errors that 
are uncorrelated with those obtained froa the other satellite; 
this could introduce uncorrelated orbital frequency errors in 
the two epbeaerides. To alniaixe this effect, the satelllte-to- 
satellite Doppler data would be processed together i ith the 
ground-based tracking data in a simultaneous deteralnation of 
both satellite orbits. This technique will highly correlate tbe 
errors in two ephenerldes . 

A con par Ison of the two generated orbits containing 40 meter 
a us errors, showed that the differential errors had an SMS ampli- 
tude of 16 cm. This was further reduced to 10 cm by applying 
short-arc tracking techniques to the differential altimeter 
measurements. This is equivalent to a 1.4 arc-sec error in 
computing the cross-track component of the DOV . The simulations 
also showed that differences of 100-150 meters in the mean orbit- 
al planes of the two satellites did not have a significant effect 
on the size of these errors. 

We eaphasize that those results are based on RMS orbital 
errors of 40 aeters, a highly conservative number. It is reason- 
able to assume that, if necessary, using data froa these satel- 
lites, current gravity models could be improved to provide 10-20 
meter tracking capability. This implies that we could expect a 
factor of two reduction in the size of the satellite errors. 

Finally, in utilizing the height aeasureaents between satel- 
lites, we must be able to eliainate any relative bias or drift 
between the two altimeters. This can be accomplished via a 
linear least-squares fit to the differential altitude data over 
several orbital revolutions. If there is no bias then the aver- 
age value should reflect the difference in the mean semi-major 
axes of both satellites. All other contributing effects should 
have a zero mean. An accurate confirmation of this is provided 
by the satelllte-to-satel lite data: Over a comparable tlae 

interval this data provides an accurate measure of the difference 
in the aean periods of the satellites. The period difference 
can be used to infer an independent determination of the differ- 
ence in the mean semi-major axes. 

Thus, the Dovlmeter gives both components of the deflection 
for any part of the ocean that the satellite pair passes over. 

In addition, since the orbits are not polar, if the altimeters 
continue to operate, each satellite ultimately gives both com- 
ponents, as in the GEOS approach. However, in the time that a 
single satellite needs to achieve a particular amount of coverage, 
the satellite pair will give three independent measureaents of 
each component. It will also provide more data and cross checks 
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than «ill two satellites operating independently. Finally, the 
two different methods that are involved in finding the components 
are " somewhat* Independent; thus se nay infer the accuracy of the 
results with considerable confidence. 
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APPENDIX 


ERROR ANALYSIS OF DOV MEASUREMENT 
N otation 

r s ,e , l - inertial radius, latitude, and longitude, 
respectively, of the satellite 

H , L , C - satellite ephemeris errors in altitude, along- 
track, and cross-track, respectively 

r e ,<P c , * c - geocentric radius, latitude, and longitude of a 
point on the reference ellipsoid 

- semi-major axis, and flattening of the reference 
ellipsoid 

- geocentric radius, and latitude of a point on 
the geold 

- geodetic latitude of r 

e 

- altitude of satellite above geoid 

■ North-South component of the deflection of the 
vertical 
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H 


Bast-West component of the deflection of the 
vertical 


h R 

H g 

B 

f 


- height of satellite above reference ellipsoid 

- geoldal height relative to reference surface 

- distance along reference ellipsoid over which 
deflection angle is computed 

- satellite true anomaly 


ERROR ANALYSIS 

The deflection of the vertical can be conputed using the 
following formula (see Figure A-l). 
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The altitude measurements obtained from the radar altimeters are 
given by hi, hj and as shown in tne figure will not in general 
be measured along the perpendicular to the reference surface. 
However, we can write that 


V h 2 


(h^-hj ) cos i. (h, -h 2 ) (1 - •£-) 
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(h^-h^) - (h r h 2 ) * (h r h 2 ) + 0 ( 6 4 ) 


( 2 ) 


Since the maximum value that the DOV attains is about 150 arc sec 
then 

6 R ’ 7 - 5 * 10 ” 4 rad 
and in the worse case 

h 1 -h 2 < 10 5 cm - 1 kin . 


Therefore 2 

(hj-h 2 ) — « 3 x lo" 2 cm, 
and the approximation 

hj -h 2 - hj-h 2 


Equation (1). 



The parameter II is the perpendicular distance from the 
satellite to the reference surface. Given the satellite’s 
position, hg is computed as (see sketch above) 
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The subtrack distance, R , between measurements is computed Iron 
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Performing an error expansion of Equation (1) we obtain 


as 
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The first and third terns on the rigbt-hand side of Equation (6) 
are the result of satellite epbeneris errors. The middle term 
Includes the errors associated with the altimeter measurements. 


GEODESY ERRORS 

From Equation (3) we can obtain, with sufficient accuracy 

(7) 
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Also, from Equation (4c) we have 
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Oslng the above results, the satellite epheneris errors contri- 
buting to the DOV computation can be written as 


in 2«P 


In Equation (11) note that 


a f sin 2e_ 
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therefore the satellite along-track Bnd cross-track errors will 
have an insignificant effect on the computed DOV. As is 
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Intuitively obvious, tbe satellite altitude errors sill bave the 
most direct effect on tbe DOT errors. The results given in (11) 
are applicable for both tbe single satellite as well as tbe inter- 
satellite determinations of tbe DOV. 

To minimize ephemeris errors when using tbe data from a 
single satellite, to compute deflection angles, only consecutive 
measurements are used. Thus tbe determinations are subjected 
only to the time rate-of -change of the errors between measurements 
which are at a once -per -second data rate. Similarly, mlolmun 
differential errors, between satellite ephemerldes, are achieved 
when those ephemerldes are compared for tbe same argument of lati- 
tude (on the same orbital revolution). However, it is also nec- 
essary that compatible sets of initial conditions be determined 
for both satellites. Uncorrelated errors in tbe doppler data 
used to determine the satellite orbits introduces these latter 
errors . 

To study the magnitude and character of the expected satel- 
lite ephemeris errors, two different models of the earth’s 
gravity field were used in performing computer simulations. 

Several existing models of the gravity field yield comparable 
tracking accuracies. For these simulations the 3 AO 1909 model 
(Gaposchkln and Lambeck, 1971) and the APL 5.0 model (Ylonoulls, 
Beurlng and Guler, 1972) were selected since different satellite 
oonste Hat ions and data types were used in the determination of 
the model coefficients. The SAO 1969 model is complete through 
tbe 16th degree and order of the potential expansion, with higher 
order resonant coefficients determined through degree 22. The 
APL 5.0 model has values for the coefficients complete through 
(11, 111 with additional terms through the 17th degree. 

In the simulations we assumed that the SAO model represented 
the "real” gravity field of tbe earth. Two 1 1/2 day ephemerldes 
were generated with this model to represent the "true" orbits of 
each of the two satellites. Initially, both satellites were 
placed in the same mean orbital plane with an ln-plane separation 
distance of 210 km. The true ephemerldes were in turn used to 
generate doppler data for the TRANET system of tracking stations 
over tbe 1 1/2 day span. This doppler data for each satellite 
was then processed by our Orbit Determination Computer Programs 
(OOP) to obtain "tracked” ephemerldes using the APL 5.0 gravity 
model. The data spans contained 68 transits at 13 different 
stations. The total RMS error after fitting to the data was 38 
meters. The "true" ephemerldes were then compared with the 
tracked ephemerldes, based on the APL 5.0 model, for both satel- 
lites and the differences in position and velocity in the H L C - 
space were computed. The unit vectors associated with this 8$ace 
are defined as 
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As stated earlier, for the single satellite determinations 
of the DOT the satellite error equation, (11) can be written as 


“sat. 


At 




2J1/2 Art pe f e ° ln _ 5 J 


(*3) 


where At - 1 sec. The epffeneris comparisons yielded a maximum 
altitude velocity error, B I , of 4 ca/see with an RMS value of 
1.3 ca/sec. Thus for R » 6.4 x 1»S cm the resultant oaxlnun and 
RMS error in the DOV is 1.25 and .47 arc sec, respectively. 

To determine the extent to which the errors will be corre- 
lated between satellites, the position errors generated above for 
each satellite were then compared at the same argument of lati- 
tude. The effects of a long-track and cross-track errors were 
again negligible. However, the altitude differences had an RUS 
of 16 cm which resulted in an RIIS DOV error of 2.4 arc sec. 

These results were obtained with both satellites in the same 
mean orbital plane. To test the sensitivity of the errors to 
this assumption, the above computer runs were repeated with dif- 
ferences in the mean kepler elements of both satellites of 100- 
150 meters, with the exception of a , the mean semi-major axis. 
(Since 7 directly affects the satellite period and thus the rela- 
tive ln-plane phase of the two satellites, it will be desirable 
to keep this difference small. Because of the relationship 
between the 7 and the period, maintaining small differences in 
these elements should be easily accomplished.) As was expected, 
these changes did not have an appreciable effect on the final 
answers. 

Not included in the above results are the contributions from 
uncorrelated errors in the initial conditions of the two satel- 
lites. There are several ways in which these errors can be elim- 
inated. Satelllte-to-satelllte doppler measurements can be pro- 
cessed together with the ground tracking data to solve simultane- 
ously for the initial conditions of both satellites. This data 
will serve as a very strong constraint between the two satellite 
orbits. 

To further minimize the uncorrelated satellite orbit errors, 
the altimeter measurements would be used in a least-square fitting 
procedure. This would also serve to edit the measurements and 
detect bad data points. Computer simulations were performed to 
determine the effectiveness of using the altimeter measurements 
in this manner. 


The altitude of the satellite above the geold can be com- 
puted from 




(r s _r g ) + 2 r s r g ( Ucos 


[vtl >] I,a 


(14) 


where 


% - * c - (r e /r g -l)8in 2 wfj l + f e (l/2 ♦ cos 2<P C )| + (Kf^) 


*0 ' tan 


<P.f e [l+f e (l/2 ♦ cos 2«P C ) j 
[( V Hg) 2 - 2 r e H g (1 - cos [V%]>] 1 ' 2 

‘feh 5 M 


(15) 


and r and # are computed from Equation (4). Again the 8A0 
model Sas used c to simulate the "real" altitude data for each 
satellite, including the computation of the geoidal height, ik. 
One sigma noise of 10 cm was added to this data to simulate the 
expected altimeter instrumentation errors. Residuals in h were 
computed for each satellite using the ephemerldes generated with 
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the APL model which included the integrated effects of initial 
condition errors. A data selection was made to retain only those 
residuals occurring while the satellites were over the broad 
ocean areas. Then the residuals from both satellites were differ- 
enced for the sane argument of latitude of the satellites. These 
residuals were then used in a least-squares fit to solve for 
relative initial condition errors between the satellite ephenerldes. 

Pros a first order error analysis, the residuals that are 
fitted can be written as 


&h 1 -Ah 2 


B -H - (AH -AH ) 
S 1 s 2 g l 8 2 


A( VV + v n 2 (l6) 


where the integer subscripts are used to distinguish between the 
residuals obtained from each of the two satellites. Ni-Ng rep- 
resents the noise added to the data. As was shown earlier, the 
only significant satellite errors are those in the altitude com- 
ponent. Pros perturbation theory we get that initial condition 
erors lu altitude will propagate as 


H a - A q + Aj sin f s + A 2 cos f B (17) 

where f s is the satellite true anomaly and the A's are func- 
tions of the initial condition errors. The differential errors 
in altitude between sate .iites can also be parameterized as in 
Equation (17). 


In performing the least-squares fit to the residuals over 
the 1 1/2 day span, we were able to recover the relative initial 
condition errors to better than 1 cm. 


The final RHS altitude error in the residuals was 15.2 cm, 
after the removal of the Initial condition errors. By partition- 
ing the data and fitting over shorter time intervals (each con- 
sisting of approximately four orbital revolutions of data) this 
RMS was reduced to 10.5 cm. 

There is an added advantage in fitting to the differences in 
the altimeter measurements. If there are relative biases in the 
altimeter data they could be absorbed into the A. parameter. 

These biases will cancel in computing the deflections in the sat- 
ellite along-track direction and therefore do not contaminate the 
results. A further advantage is that the magnitude of these resi- 
duals will be considerably smaller than for that of each satel- 
lite's taken separately. This is due to the correlated satellite 
errors being cancelled in differencing the two satellites' resi- 
dua Is . 


SUMMARY AMD CONCLUSIONS 

It is conservative to expect that the use of modern (1972) 
gravity models will result in (no greater than) 30-40 meter ephem- 
eris errors in tracking these new orbits. The studies Indicate 
that with ephemerls errors of this magnitude, the uncorrelated 
errors between the two satellites' orbits will be 15.2 cm RMS. 

This is for an in-plane separation distance of 210 km between 
satellites. There are two wayB in which this error can be easily 
reduced . 

1. By short-arc tracking techniques using the altimeter 

measurements, some of the geodesy errors can be absorbed 
by the orbit parameters. In the simulations, the data 
were partitioned into groups each consisting of roughly 
4 satellite revolutions of data. Fitting over these 
intervals resulted in a reduction from 15.2 cm to 10.5 
cm RMS in the effect of the uncorrelated geodesy errors. 
The use of a more sophisticated error model should result 
in a further reduction. 
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2. We believe that the recent (since 1972) lnprovenents in 
gravity models have more than halved the geodesy errors. 
Consequently, the uncorrelated altitude error is most 
likely in the 5-10 cm range. Interestingly enough, data 
from this experiment Itself is adequate to confirm or 
deny our belief. In the (unlikely) event that it is 
not true, the data should be adequate to supply the 
Improvement . 

In computing the deflection angles in the satellite along- 
track direction, the computations are sensitive only to the dif- 
ferential errors in each ephemeris over one-second intervals, 
the elapsed time between altimeter measurements. In the simula- 
ted case, these errors were less than 2 cm RMS in the presence 
of 36 meter RMS tracking residuals. 
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Figure A-l. Geometry Associated with the DOV Computation 
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The Application of GEOS-C Data to Marine Geodesy 
By Means of the Simple-Density Layer Concept 


Foster Morrison 

Geodetic Research & Development laboratory 
National Ocean Survey. N.O.A.A. 
Rockville* MO 20852 U.S.A. 


ABSTRACT 

The availability of GBOS-C altimeter data will provide a crucial 
Cast of the mettle of the simple density layer concept . Altime- 
try will supply data about the geopotential in the frequency 
range between that of satellite orbital perturbations and the 
vary fine structure obtained by dense gravimetry for geophysical 
exploration . 

Required for analyzing altimeter data are formulae for point 
gravity anomalies (or means over small areas, 1* square or les '*) 
and for high f requency components of the geold height. The 
affect of local density anomalies must be computed accurately 
and those of remote density anomalies rapidly and efficiently » 

Geopotential representatioi. may be thought of as interpolations , 
even though the parameters used are not discrete values of po- 
tential or gravity . As such, they may be evaluated in terms of 
accuracy and efficiency. For an enormous amount of information 
as is contained in the fine structure of the earth's gravity 
field, the guee tions of efficient storage and recovery are 
crucial . 

Attempts have been made to evaluate the effectiveness of the 
density layer concept by computer simulations . New algorithms 
have been devised in the process. 

Another question. Important for satellite geodesy and orbit 
determination , is the structure of the errors in computing the 
gravity. Satellite orbits are highly sensitive to this struc- 
ture, since large perturbations may be caused by small forces 
if resonance or secular accumulation effects are present . Both 
computer simulations and analytic models are being used to iso- 
late and eliminate such problems . 


1. INTRODUCTION 


The surface density distribution already has been applied 
with considerable success to determining the long wave part of 
the geopotential iKooh, 1974 ]. This and several other methods 
have been suggested for coping with the problems engendered by 
the slow decay of spherical harmonic coefficients. Krarup 
11909 ] has given a proof that the gravity field of a planet can 
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be approximated arbitrarily well by none spherical harmonic 
representation. The theory of geopotentlal representation In* 
eluding the so-called gravity prediction theory [von Lueteoa, 
1973] still has some unanswered questions. For some recent 
results see Koah and Pope 11972], Even the exact status of the 
theory Is not well known due to the lack of communication be- 
tween geophysicists and mathematicians. 

For the purposes at hand, let us review the practical Imple- 
mentation of surface coating geopotentlal models and the heu- 
ristic reasoning that motivates what has been done. Vinti 
[1971] and Giaoaglia and Lundquiet [1972] considered surface 
coatings on an enclosing sphere. Their suggestions amount to 
nothing more than changing names, however. In these approaches 
the formulas and algorithms for gravity and potential would be 
no different from those using the usual spherical harmonic 
series; the density layer Is just an auxiliary concept. By 
contrast, Kooh and Morrieon [1970] used a density layer located 
on the surface, or rather on a surface generated by adding mean 
topographic heights to a satellite generated geold. No spheri- 
cal harmonic coefficients were used, rather the numerical quad- 
rature algorithm was Identical to point masses fixed In location 
but not in magnitude t Morrison , 1971], In a similar vein 1$ the 
work of Balmino [1972] and some others who have sought optimal 
point mass distributions and solved some of the problems of 
singularities at the surface by burying the points at a safe 
depth. 

Morrieon t 1972b ] observed that the basic Integral for poten- 
tial as a function of density 

u - . (D 

Is a relatively tractable Improper double Integral and suggested 
that Judicious combinations of approximate analytic and numeri- 
cal quadratures would solve most of the practical problems of 
geopotentlal modeling [ Morrieon , 1972o, 197!]. The Initial 
tests of the algorithms for (I) were made on large 15® * 15° 
blocks. Even though spherical harmonics may well be best for 
potential undulations of such wave lengths, the severe curvature 
of the earth's surface facilitated the analysis of numerical 
results. The use of the Important small angle approximations 
needed In this approach was critically tested by arguments of 
74®; and having only Z86 density blocks kept computer experi- 
ments Inexpensive. 


346 



Harrison 


3 


Tl|* anticipated availability of 6EBS-C altiaetry has reaoved 
the dlscessiea of aodoling the floe stractnre of the gravity 
field froa the acadeaic tr .ha practical arena. Inevitably, 
eathaaatical and heuristic argaaeots trill have to yield to the 
relentless discipline of the data. To prepare for this even- 
tuality. ire shall exaaine in a natheeatical and beoristic tray 
the capabilities of the sarface coating aetbods and a Igor It has 
to cope with the 6E0S-C data. S access of this analysis trill be 
aeasored by boa little naaerical enperlaentatioa we shall have 
to do to aake oar coapoter prog raws operational. 

Z. PREBtCTIM PROBLEMS MB TRWCATIOS ERRORS 

Generalized prediction techniques were introduced into geod- 
esy by tota ti 9S9l and extended and refined by rfraroy UtesJ 
and Hortt* [MM]. 6eodesy has been plagaed by high precision 
data with a very poor distribution, a p rob lea shared by other 
disciplines in geophysics. 

Every naaerical process, including geopotential Modeling, has 
truncation and roanding errors. For staple p rob leas it is 
easiest and aost econoafcal just to ase coapaters with long word 
lengths or doable precision. There is sach a vast aaoaot of 
laforaatfon in the earth's gravity field, however, that we are 
strongly activated to tolerate as auch truncation error as pos- 
sible so that storage probleas do not arise and also so that 
roand-off errors nay be kept in check by the staple expediency 
of having less coapatations. The laportance of the spatial 
distribution of truncation errors, or their ‘statistical prop- 
erties* if yon wish, was noted by Horriton titrial. Satellite 
orbits in particular saaple the gravity field in such a way that 
saall truncation errors could becoae significant if they had the 
proper distribution to cause secular, long period, or resonant 
'perturbations.* Estiaations of stationary quantities sach as 
point or aean gravity anoaalies or deflections of the vertical 
are auch less deaandlng. 

A principal tool for studying the statistical properties of 
a geophysical paraaeter such as oravity is the autocorrelation 
function (ACF). It Is defined as 

<*.*) * E lf(X,T) ffX*x. r*y>7 (2) 

where E is the 'enseeble expectation operator,' which Is Jsst an 
average over a sufficiently large portion of the doaaln of f. 

For the theory to be viable should not change significantly 
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for alterations In the area of the averaging or Its precise 
'•.cation; It Is said that Is ‘stationary.* Usually. 1^ is 
even assuaed ‘Isotropic.’ I.e.. 

‘ 'if* 1 * »*'• (3) 

Where g is a function of one variable, choosing and using the 
ACF is as nuch an art as a science. Hhat we want are sene can- 
didates for the ACF for a surface density layer. The erebles of 
deriving Internally consistent ACF's etc., for geo potential 
quantities has been discussed In detail by £ Jordan, 


Experimenting with Jordan's techniques has suggested the 
following sequence ef definitions and transformations leads nost 
easily to the desired results. Consider, first of all. Bran's 
formula [itiiteuK and soriti, Its?] 

* * y t*i 

The derivation of (4) indicates that it does, in fact, involve 
a linearization; for nost purposes and particularly for statis- 
tical analysis the formula is sufficiently accurate. For the 
disturbing potential r we substitute the integral over the sur- 
face coating to obtain 



In the terminology of linear systems iPapoulie. ItSS ], our sur- 
face density x Is an input proaeee and the geoid height » Is an 
output process . The imputes response is 

h (x,y) (6) 

- £ (X 1 * **r ' 1 

By definition, the system function Is the Fourier transform of 
h Cx.y). 

* «... V// htx.y) expf-tu^x -iu^y) drdy . (7) 


Obviously, we are retaining the ‘flat-earth* approximations used 
by Jordan C 1972], The pouer epeotral density (PSD) Of a process 
Is the Fourier transform of Its ACF 


a 


ff ' 



expl-iw^e - iu^y) dxdy. 


(8) 
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The Fundamental Theorem af linear systems relates the PSD's of 
the Inpat and ootpat of a linear systea by Means of the syste« 
f aact Ion: 


* 


n 


*xx *V 


( 9 ) 


Where Is the systea fanction for the linear systea x - *• 


Fourier transforms of functions with circular syaaetry can 
be 'slapllfled* to Hankel transforas 


7 (o) 



rffr) (Or) dr i 


( 10 ) 


fl* * » * ♦ a 1 
i < 

f (8) Is the Hankel transfora of / fr) and Is the Bessel 
function of the first kind of order zero. Equation (10) Is ob- 
tained by expressing the two-variable Fourier transfora F 
In polar coordinates; a factor of 2* arises 

F U^) « 2. 7 (8) (11) 

The tapulse response for our linearized surface density to 
geoid height transforaation Is evidently of the fora 1/r. whose 
Hankel transfora is well known iPapoulia, jsfa). Then the 
systea function Is 


B 


I 



( 12 ) 


As an approxinatlon, r is being treated as a constant. Substi- 
tuting (12) into (9) and rearranging, we obtain 


XX 


«»*c 


irt *»* 


(13) 


To obtain the surface density ACF we need only coapute the In- 
verse of the Hankel transfora of (13). Finding ♦ froa 1 J)( 
in the aost general case would Involve tedious calculations 
using the convolution theorem or direct Integrations. For this 
particular problea we can use a special identity [Papoulia, leeil 

Ju . 0 * J (n). (14) 

where the symbol Indicates the application of the Hankel 
transform. Identify f(r) with and obtain 
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Several observations should be nade at this point. One Is tbat 
and differ only by a constant factor, where g is anone- 
loas gravity. The relationship is 




XX 


»l c « 


(16) 


Flat-earth Stokes' and Vening Hefnesz* fomulas are given by 
Smitkanxn and Marita 11967, p. Ill] as forantos (2-231 and 
(2.232) (derived there for use in inner zone conpu tat ions ) . 


For a spherical approximation. things are not as single as in 
(16). Spherical bamonic expansions for a surface density 
[Pints, 1971] and gravity [Baiakanan and Morita, 1967] are not 
quite the sane for a given external potential* even with the 
proper linearizations [Maiatl, 1971]. for the surface densities 
the geopotentials are ncltiptied by a ♦ h and for the gravity 
aaonalies by u ♦ 1, where n is the degree. The global ACF for 
density would be a bit different fron that for gravity, which 
1$ now well known [XawZa, 1919] 

* a „ *£ o * f (cos «) (17) 

69 n n 

The a M 1 is the sun of the squares of the fully nomalized geopo- 
tential coefficients of degree n. The coefficients for a cospa- 
rable formula for would be slightly wore complicated. Nu- 
aertcal conparlsons should be nade. 

3. ESTIMATING THE DENSITY BLOCK SIZE 


In Morrison [1971b] it was assumed that a suitable approxina- 
tion to the surface density could be written 

X * a 0 + x * ajy * a ♦ a^xp * a ♦ .... (18) 

where x and y are again, local coordinates. Let us use (18) to 
estlnate * x)( for very snail values of r, the separation. By 
definition 

♦ xx « E [ x (x,r) x (x ♦ *. y ♦ »)) (19) 

This becones 


♦ xx ■ E [a 0 (a 0 + y * ...)] (20) 

If we substitute 


r Sin a ■ x 

r COS a • y (21) 
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•Mere a 1$ the azimuth. we can average over a and obtain 

*XX * E ta o ,] * p * E a o * a . n * 0 lr%) l22) 
The first tern Is just the neon square of tbe density and the 
second tera mat be negative. It aakes sense for a # and 
(a ♦ a ( ) to be of opposite signs on tbe average. Nhen a Q > 0. 
tbe function should be concave downward and when a 0 < 0, tbe 
function should be concave upward , again, on tbe average. For- 
aula (22) shows soae of tbe advantages of using an approxlaatlon 
like (18) for x Instead of tbe step function lapltcttely assuaed 
by direct nuaerlcal quadrature. Estlaates of i ()( could be aade 
analytically froa tbe coefficients a 0> <s jt a jt ... for snail 
separation. A fourth degree node I for x looks very proalslng 
in this regard. 

To wake a preliminary estlaate of density block size for 
GEOS-C data reduction, we can use (22) two ways. First let us 
assuae that (22) gives a good estlaate of ♦ , say to within It; 
this could be a lower Halt or block size. The upper Halt 
would be tbe size of tbe correlation distance r for which 

Q 

(r a ) ■ g (0) /*, where « Is the base of tbe natural loga- 
rithas. This Is a very reasonable upper Halt when g is to be 
approxlnated by a parabola. 

Although functional fores for ACF's and other statistical 
functions of geodetic quantities abound, there exist very few 
deterainations of the paraaeters in these functions. One ex- 
ception is the Ohio anoaaly model, derived by Hirvonen lues} 
froa surface gravity data. 

V ’ r vl 77 oF (23) 

« 337.0 mgal* 

D * 40 km 
r < 100 ka 

He do not have to convert (23) to an expression for g , since 
this would change its magnitude and units, but not the ratios of 
values for given separations. He can Just say 

♦ XX * 1 ♦ fr/oj ! (24) 

and require for our present purposes the value of o^ 3 . The 
'maximum" block size comes for 


JSI 
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1 ♦ («•„,„/ 0)* ■ «. { 25) 


This is easy to solve: 


r MX ■ / « - 1 0 (26a) 

« 52.43 km (26b) 

To find the “einlmum* block size we can expand the denominator 

of (24) in a geometric series, assuaing r < o and have 

♦x* “ V C1 ' <§»* ♦ <§»* - f§)‘ * — J- (Wl 

Truncating (27) at the second order and observing that the 
series alternates with decreasing teras. we can compute 

(r„in /DV * 0.01 (28a) 

r a1n * '• /lnrT » 

- 0.316 D 

» 12.65 ka (28b) 


A block si 2 e twice that of r a j fl or r Is to be used, 

®aax * 2r max’ B a1n ° 2r ain' These can be expose* 1 1n angular 
measure: 


®°max * 56 ° 


fl °m1n * 136 


Realistically, one may as well say 


(29) 


=1 

max 


B °m1n ’ 020 ' 12 ' 


(30) 


All reports have Indicated surprisingly little difference 
between the statistical properties of gravity at sea and land 
measurements, so the use of (23) Is perfectly Justified for 
order of magnitude estimates. 


This simple analysis does not take Into account the density 
of the sampling of the geold height. Along the subsatelllte 
track the samples will be at rates of 10 to 100 per second. Fo 
purposes of geoid determination, these readings might be smooth 
ed to an average of one per second. The area coverage will 
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probably b« no denser than a 1° square grid at any place, boa- 
ewer. IGEOS-C nieeion plan, 1474] Another modify lag faster Is 
that the geold height Is rather smooth, whereas the gravity 
anomalies or surface density coatings have more ‘power* In their 
PSD'S at higher frequencies [defeat, 19711. All these consid- 
erations Indicate a smaller block site Is not needed, at least 
for the 6E0S-C project. 

4. CONCLUSIONS 

A surface density layer modeled locally by (18) will be a 
suitable method of parameterizing the results of the CEQS-C. 
Blocks 1° * 1° should be small enough to model the data and none 
smaller than 12' * 12' should be needed anywhere. 

In most ways, gravity anomalies and surface coatings have 
similar behavior [see also: Miinl, 19711. One advantage of 

surface coatings Is that the potential or gravity components are 
obtained sxaatly from density through a linear system. The Im- 
pulse response Is Isotropic only to ter* order or for a spheri- 
cal coating. This Impulse response Is still fairly simple. 

Fewer linearizations are needed In practice and those that are 
needed can be extended to higher order easily. 

The ACF and PSD of density and of geold height will he useful 
In analyzing the data. Sea state Information should have Its 
own distinctive statistical properties. It should be possible 
to filter the data In a fairly objective way. 

Truncation errors should be Included In the statistical anal- 
ysis of geopotential models with high resolution. Ideas of 
Hardy 119711 and Junkins , et al, tl973l should be useful In Im- 
proving the algorithms for geopotentlai from a surface coating 
model. Modeling of the surface density function and the impulse 
response both can be Improved and truncation error reduced. 
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COMBINATION SOLUTIONS IN GEOID COMPUTATIONS 
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Darmstadt, Germany 


Abstract 

Potentialities of direct prediction of geoid heights in connec- 
tion with altimetry etc. are discussed in detail; peculiarities 
in comparison to Ag-prediction on sea and to geoid height on 
land are pointed out. The practical application of Molodensky's 
formula for computing Ag from N, l.e. the inverse of Stokes's 
formula, is investigated. Problems Inherent in the Molodensky 
formula related to prediction of Ag similar to astrogravimetric 
levelling are studied. Corresponding potentialities of "combined 
solutions’ are stressed. Different aspects of high-precision 
computations of detailed and regional geoids by Stokes’s and 
Molodensky's formulas are presented. Consequences for computa- 
tion of oceanic geoid sections are discussed. 


1. INTRODUCTION 

Until recently the precise evaluation of the geoid in the 
oceans was hampered by the lack of data. Satellite orbit analy- 
sis yields only the low order part of geoid undulations, astro- 
geodetic information is seldom available and gravity data are 
affected by several deficiencies. Meanwhile, altimetry data be- 
came available so an essential improvement is feasible and new 
types of combination solutions in evaluating geoid undulations, 
N, are of interest. In this connection the direct prediction of 
N has been stressed in a previous paper (Groten, 1973) and 
specific differences between autocovariances of N on land and 
at sea were shown. The use of the results of such predictions 
have previously been outlined In Groten (1970). 
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The main advantage in geoid computations at sea lies in the fact 
that the problems related to gravity reductions do not arise as 
gravity is directly measured on the geoid itself. Even it gravi- 
ty reductions are applied in order to get smoother functions in 
the numerical integration corresponding deformations of level 
surfaces can be exactly taken into account. Actual deviations 
from mean sea level and the correction for the error of flatte- 
ning in the spherical approximation (according to Stokes's and 
similar formulas) are not crucial at this time. 

2. PRACTICAL ASPECTS OF COMPUTING 1 g FROM N 

The application of Molodensky's well known formula which solves 
the "inverse problem", l.e. 

N , (N-N) 

- A 9o-nr + 5¥ { s -j - &0 “» 

where R - mean radius of the earth, 

Ag c ■ Ag at P Q , i.e. gravity anomaly at P 0 , 

N Q * N at P 0 , i.e. geoid height at 

0 « earth's surface, do is its surface element, 

1 » chord distance P Q do, 

Y ” normal gravity, 

in combination solution was proposed in 1969 by Groten, (1970) 
and also by Koch (1970), Young (1970) etc.. It is well known 
that egu. (1) holds exactly on sea where topography does not exist 
so the terms representing the deviatic.is from the level surface 
in Molodensky's general formula, i.e. 

H_h 

dg Q ■ 2n x coB 2 a 0 -|^ IS £ do -// — xdo (2) 

where a - tilt of surface normal, x ° coating function and H 
corresponds to N in (1), 

are all equal to zero. On the other hand, in numerical evalua- 
tions of N from Ag according the Inverse formula of equ. (2) 
using 1° x 1° blocks or even larger compartments these correc- 
tions do not play any significant role even on land as shown for 
a geoid section in Central Europe by Groten et al (1974). 

Koch (1970), Isner (1972) and others were mainly Interested in 
global combination solutions. But on comparing l/n 3 in (1) with 
the Stokes function 8<*) (where i i » spherical distance on a) the 
overwhelming influence of the neighborhood zone in (1) is seen 
in comparison to the corresponding Influence of the neighborhood 
zone in case of Stokes's formula) Fig. 1 shows both functions 
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multiplied by *in(*/2) as do « slni|iditida. The graph reveals ho*' 
carefully this influence has to be considered. He know a similar 
problem in geophysics when the vertical gravity gradient 



is evaluated from surface gravity. Consequently, the main part 

of tha information is drawn from (N-H 0 ) in the small zone around 

P_ ar.d if smoothed values of N are used a lot of information is 
o 

lost. Kelfil (1973) has discussed the corresponding difficulties 
mostly in terms of spherical harmonics. 

However, the practical application of equ. (1) is somewhat less 
intricate than the use of (3> because N is smoother than flg. 
Therefore, the global application of (1) is indeed useful. But 
the principles applied in the present study are different from 
the previous attempts in that the local and regional differences 
of Ag are directly computed from (N-N Q ) and not fig Itself. 

Instead of equ. (1) we could, of course, consider the direct nume- 
rical solution of the integral equation 



where N is supposed to be known and Ag is unknowns however, the 
solution in form of (1) seems to be optimal. When the effect E 
of the outer zone, i.e. 9 > * 0 , is considered we arrive, on in- 
troducing some simpli tying assumptions, at 

£«U - c / .i-r sin* d* (5) 

° *-* 0 i 4 

where C is a constant. 

Using 1-2 sin (*/ 2) we get finally the decrease of E(* ) for 
Increasing * Q as shown in Pig. 2. On inspecting the curve in 
this flgurt it is realized that the influence of the zones 
* Q > 30° is almost negligible. When 8 (*) is introduced instead 
of l -3 in squ. (S) a completely different behavior of the inte- 
gral is realized. 

E(* g ) shows the error of truncation in equ. (1) whenever an ideal 
evaluation of the integral for * < * Q is feasible. 

Further, when (N-N 0 ) is replaced by block averages for compart- 
ments of finite size the corresponding error covariances might 
in addition be taken into account in C so the corresponding 


359 



Groten 

effect can be evaluated. But, at present time, only the low order 
part of N is mostly known with sufficient accuracy so any esti- 
mate might be misleading as long as the sufficient results of 
altimetry are not yet available. For << 30° var (N) and 

cov (N) , i.e. variances and autocovariances of N, need to be 
known for very high degree n as both depend on n. 

For ■» 0 the error corresponding to the global use of block 
averages (N-N j instead of (N-N ) is obtained from equ. (5). But 
as l tends strongly to infinity as t-0 numerical evaluation of 
E(^ o »0) is indeed Intricate. On assuming that AN*(N-N 0 ) follows 
a quadratic law AN(i(i 3 ! in the neighborhood of and that 
(N-N q ) • 0 for i < 10 km quite plausible results are obtained 
which show that averages (N-tP) for blocks of 10 km by 10 km for 
< 1° yield useful accuracy oZ &g g . Using blocks sizes of about 
30 km by 30 km within i|> < a few degrees around P o reasonable 
results in u test area have been found by proceeding similarly 
as described for gravity anomalies in (Groten et al. 1964). If 
N follows the above mentioned law the error-prcduced by repla- 
cing AN ■ (N-N 0 ) by Sn « (N-N Q ) can be evaluated in analyt. cal 
form for the central cap * < tp . By combining this error with ^he 
corresponding error which is due to the outer zone we get E<it> 0 «01 

Using polar coordinates (r,a) we get in plane approximation the 
computational formula 

* nr 2 - h J tr f l - r 2 _1) t6) 

for the contribution of the k-the compartment where Aa is the 
azimut difference and r^ (1*1,2) are the radii of the compart- 
ment. When the global average of N is assumed to be zero equ.U) 
reads simply (Molodensky et al. 1962) 

Ag„ - S // (N-N ) (l -3 - -i,) do (7) 

° * 0 ° 21T 

And the corresponding integral formula for practical application 
becomes 

<V N o )a “ l(r r l * r 2' l, -^5 (r 2 2 - r i 2)1 (8 > 

It should be noticed that the spherical approximation formulas 
are found by simply replacing r^and 1^ in the plane approxima- 
tion formulas. 

When the error m(Ag Q ) is considered then reliable information on 
the error covariances of the input data, i.e. altimetry results 
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etc., is necessary. Even though such Information is not yet 
sufficiently available it can be anticipated that when long range 
error-autocorrelation and aliasing effects are corrected for we 
end up with a formula m(Ag o ) which corresponds to the above 
formula in computing E, i.e.Cthen becomes a corresponding 'error 
constant” . 

Moreover, It Is necessary to have a dense net of N-values In sol- 
ving equ. (1) numerically. This can only be achieved by Interpo- 
lating N within limited areas using autoregression procedures. 

The corresponding autocovariance function have been discussed 
previously and specific problems related to this question will 
be dealt with below. 

Besides this fact cov(N) is an efficient tool in predicting mean 
values of N and AN even though N is much smoother than Ag, i.e. 
the amplitude of high harmonics decrease much faster with in- 
creasing n than in case of Ag, and, consequently, prediction is 
essentially easier with N than with Ag and feasible even over 
greater distances. 

Until now altisetry data were mainly considered in relation to 
global combination solutions of geold and gravity field determi- 
nation) in connection with evaluation of spherical harmonics 
coefficients aliasing effects etc. (Rapp, 1971) were found to be 
of main concern. In this case the application of surface coatings 
using Helmerts spherical approximation in combination solutions 
as proposed by Groten (1970) and by Molodensky's methods as pro- 
posed by Koch (1970) are of principal interest because a unified 
approach becomes feasible. 

To some extent, autoregression prediction of N might be consi- 
dered as a supplementation to the sampling function method 
(Giacaglla et al, 1972) and similar procedures or even as an 
alternative method in global solutions. 

3. PREDICTION OF GRAVITY DIFFERENCES FROM AN 
In local and regional application a procedure is useful which, 
in principal, is quite similar to astrogravimetric leveling. Let 
Ag or corresponding mean values Ag be known at a few stations 
(and blocks, respectively) within a spherical cap of t ' ip 0 - If 
absolute or relative geoid heights N are available at and around 
these stations, too, wo can predict Ag et any other point 
where only N is known as follows. 

From the truncated equ. (6), i.e. 
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- -y 2 * *° 11 

Ag, = -If / (H-H J (±v - -±,)dc (9) 

1 2 *5=o 9-0 ° l 3 2ft 3 

we get the main part of Ag at the point P^, i.e. 

Ag t • Ag^ ♦ «(Ag) t (10) 

If the separation of points Pj is saall then 6(Ag) is nearly 
constant i in any other case 5(Ag) ^ will be a saall quantity 
which can be interpolated linearly so that Ag can be evaluated 
at any point P^ where N is known but Ag is not known. In our 
applications * 0 was of the order of 2°, the separations s^ of 
stations P l were somewhat greater. Of course, the smaller * Q /s^ 
the greater are the variations of 6(Ag)^. 

Wien 

* 0 /s 1 > 1 ( 11 ) 

for any i we can predict gravity differences between the points 
if 4 (Ag) ^ can be considered as constant. In this case we only 
need N to be known. Proa equ. (lO) follows then that differences 
between Ag^ are equal to the differences between Ag^ where the 
latter are evaluated from equ. (9). 

In our test computations we used astrogeodetlc geoid heights in 
Germany the absolute orientation of which has previously beer 
determined (Grcten, 1974) because detailed (gravimetric) getids 
on oceans were not available to us. s^ was of the order of 
i 100 km. Ox taking into account the potentialities of altimetry 
(Kauia, 1969; Chovitz, 1972 etc.) the application of global as 
well as regional procedures in computing Ag from K should be use- 
ful. 

4. EVALUATION OF PRECISE N FROM Ag 

When continental geoid sections computed from 1° by 1° mean free 
air gravity values are compared with *• ^responding oceanic sec- 
tions it is realized that there is no basic difference in the 
statistical behavior of II; this holds for degree n < 180. Never- 
theless, some specific differences of autocovariances have been 
pointed out by Groten (1973). However, the accuracy of N ob- 
tained from mean values of 1° by 1° block values at sea Is not 
basicly different from those at seas if the number of gravity 
measurements within the block is not much different. 

Besides some coastal areas where relatively dense Ag-distribu- 
tion exists the best presently available gravity material at sea 
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is in form of 0.5° by 0.5° blocks; at least in Europe. The 
corresponding accuracy of N might be of the order of one meter or 
somewhat less. In continental geoid sections the absolute accu- 
racy can he investigated by comparison with astrogeodetic geoid 
sections as fax as reliable information is available. Prom 0.1° 
block averages of free air anomalies we have obtained a geoid of 
Germany which by comparison with the astrogeodetic section was 
found to have a relative accuracy of ♦ 0.4 a and better (Groten 
el al. 1974). Because of the uncertainties In GH (gravitational 
constant) the absolute accuracy is, of course, different from 
that value. The above value of about ♦ 1 m for H as obtained from 
1° by 1° block averages is in agreement with continental geoid 
sections compared with astrogeodetic geoid computations in Euro- 
pe. 


5. PREDICTION OF N 

Linear autoregression prediction as proposed by Moritz (Beiska- 
nen et a i, 1967) can be applied to geoid undulations as far as H 
in the specific area can be considered as a isotropic statio- 
nary process. Problems arising when anisotropy, nonstatlonarlty 
etc. prevails and corresponding effects have bean discussed, f.i. 
in (Groten, 1973a) ; similar problems arised when oceanic geoid 
heights (Vincent et al. 1973, 1973a) and continental geoid sec- 
tions (Groten et al. 1973) were analyzed statistically. The 
oceanic results will be discussed in detail and, in order to 
point out discrepancies, continental data are discussed for com- 
parison. 


For the direct prediction of N we used the we. i known matrix 
formula 


N P “ C Pi C l^ “k 


where ■» known geoid height at station P fc 
N p ■ predicted geoid height at point P 
C P1 “ related to FT^ 

C lk = cov(N) related to P^. 


( 12 ) 


One-dimensional prediction along profiles Is essential in dealing 
with altimetry data. Two-dimensional prediction Is necessary to 
get a densificatlon as necessary in evaluating Agj but In the 
isotropic case where C lk depends only on the separation P^P^ the 
twodimensional case Is, in principal, also one-dimensional. 


The direct evaluation of cov(N) seems to be superior to the 
transformation of cov(Ag) into cov(N) by well known formulas 
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(HeiBl, 1971; Lauzitzen, 1973) because of the smoothness of N. 

The anisotropy of cov(H) which is, of course, also inherent in 
cov(Ag) was clearly realized in the evaluation of cov(N) . For in- 
stance, in the German geoid of 0.1° block size cov(N) becomes 
zero for ♦ » 2° along meridians, and already for 9 * 1.3° along 
latitude circles 4 * const. Similar behavior is found for the 
l°-hlock geoid by Vincent and Marsh, where cov(N) becomes zero at 
sea for 9 = 18° along meridians and only for 9 * 40° along lati- 
tude circles 4 = const. Fig. 3 shows the normalized mean cov(N) 
along meridians for the western part, i.e. 160 °(K) < l < 50°(R), 
of the northern hemisphere where the most reliable information is 
presently available. Typical at sea is the relatively great nega- 
tive autocorrelation for remote data. 

The results of onedimensional linear autoregression prediction of 
N can be summarized as follo-c: «'! On land, i.e. for the above 
mentioned geoid in Germany, we found: (a) prediction was made from 
10 to 2S profile points of equidistant separation 0.2°; the re- 
sults were not much different for any number ob points 10 < n < 2§ 
(b) prediction was made for points at separation 10 km < d <_ 80 
km; depending on the trend functions of orders 0 to 4 the predic- 
ted values of N varied almost linearly with d where the maximum 
error of about N/2 was found for d * 80 km along meridians; along 
latitude circles the situation was better; errors of about N/S » 

2 meters were found at d ■» 80 km; (c) the choice of specific trend 
functions had great influence whereas the regional variations of 
cov(N) were not of great impact; (d) when off-shore values of N 
were predicted from continental N-values the prediction error was 
smaller than on land. (2) At sea we found for the Vincent-March- 
Geold: In twodimensional prediction the trend elimination is 
still more critical than in the one-dimensional case. When N-va- 
lues at stations are available which are separated from the 
point {or area) of prediction by 50 km or less the accuracy of 
prediction is much improved in comparison to one-dimensional pre- 
diction. Twodimensional prediction of mean N-values of l°-blocks 
at sea is feasible over great distances because of strong nega- 
tive autocorrelation of N-values at ^30° etc. . After problems re- 
lated to the appropriate analytical dtermination of covariance 
function and to corresponding trend elimination have been solved 
two-dimensional prediction was applied in the below mentioned 
area of Pacific and Atlantic and was found to be adapted to N- 
pred lotion. 

Using trend functions of first and second order onedlroensionai 
extrapolation in the Pacific and interpolation in the Atlantic 
(57° < 4 i 51°, 30° < > < 50°) was applied to N. In both cases 
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equidistant point values having separation of 3° were used. In 
the Pacific east-west profiles of known N-values contained 20 to 
45 points: points to be predicted were situated along 4 = 51°, 
54°, 57 and at 170° (E) < 1 < 200°(E)i the number of known points 
from which prediction was made was again found to be not of great 
importance; but the results of prediction depended on the order 
of trend polynomial, i.e. prediction within s » 3° separation 
differed by t 1 meter or so, for s 9° the predicted values 
differed by about elm; for s - 30° even + 5 m differences were 
found. When Interpolation inste-1 of extrapolation is used sli^it- 
ly better results were obtained. 

6. CONCLUSIONS 

On concluding that, in general, a basic difference in statistical 
behavior does not exist between continental geoid section and the 
geoid at sea a nearly linear relation of cov(N) - 0 (i.e. tne t- 
value of the first crossing of cov(N) with the abszissa) to the 
side length, s, of corresponding block compartments might be in- 
ferred for 0.1° < b < 1°. The extrapolation of N using linear 
autoregression procedures seems to be appropriate for distances 
< 50 km even if accuracy as necessary in converting altimetry da- 
ta into ig is desired. For n - 180, i.e. for l°-blocks, the mean 
N-values show negative autocorrelation for t > 15° which might be 
a pecularitv of geoid heights at sea; consequently, autoregres- 
sion prediction over greater distances might be feasible then on 
land even for 0.1° blocks and combination solution in terms of 
ig and of N becomes feasible. However, if mean N values for 1°- 
blocks or similar smoothed data are used Borne part of the infor- 
mation is lost. Local application of the N-Ag transformation is 
not affected by long-range deviations of tne sea surface from the 
geoid. On the other hand, the precise application of the trans- 
formation can yieldshort-periob deviations by comparison with sea 
gravimetry results. 

Acknowledgement i The computational work was mainly done by J. 

Brennecke 
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ABSTRACT 

The GECJ-C spacecraft scheduled for launch in late 1974 will 
carry a radar altimeter for the purpose of measuring sea surface 
topography. In order to calibrate and evaluate the performance 
of the altimeter system, ground truth data are required. In this 
respect a detailed gravimetric geoid has been computed for the 
GEOS-C altimeter calibration area in the Atlantic Ocean off the 
East Coast of the U.S. That is, the area bounded by Wallops 
Island, Bermuda, Grand Turk and Merritt Island. This geoid is 
based upon a combination of mean free air surface gravity ano- 
malies and the Goddard Space Flight Center GEM-6 satellite de- 
rived spherical harmonic coefficients. Surface gravity anomalies 
consisting of 1° x 1° and 10' x 10' mean values have been used 
to provide information on the short wave length undulations of 
the geoid while the satellite derived coefficients have provided 
information on the lcng wave length components (•> 1500 km). As 
part of these analysts, GSFC, SAO and OSU satellite derived gra- 
vity models were used in the computations. Although geoid 
heights based upon the various satellite models differed by as 
much as 30 meters in the Southern Hemisphere, the differences in 
this Atlantic Ocean area were less than 4 meters. 


1 . INTRODUCTION 

A new detailed gravimetric geoid has been computed for the 
GEOS-C altimeter calibration area in the Atlantic Ocean. This 
detailed geoid is based upon a combination of the GSFC GEM-6 
Earth Model (Lerch, et al. 1974) and a set of 1° x 1* surface 
mean free-air gravity anomalies. This geoid incorporates a new 
set of 1° x 1° surface data consisting of values in the North 
Atlantic obtained from NOAA in addition to the previously avail- 
able 1” x 1” data (Vincent and Marsh, 1973). This new set of 
data replaced some of the older observed data and filled in 
areas previously predicted. 

In order to assess the effects of long wave-length errors 
in the satellite-derived gravity model, comparisons were made 
with detailed geoids computed using the Rapp 73 (Rapp, 1973) and 
SAO- 3 (Gaposchkin, 1973) Earth Models. Comparisons were also 
made along a SKYLAB-Altimeter Pass in the vicinity of the Puerto 
Rican Trench. 
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2. PRINCIPLES OF COMPUTATION 

The geoidal undulations at any point P on the Earth can be 
computed using the well known Stokes' formula: 

r ,2» -»/2 

N(»,X) * — = ' / Ag T («M')S(<r) cos*' d*' dX’ (1) 

V -0 ■'*'•- 11/2 

where 

*,X ■ the geocentric latitude and longitude, respectively 

of the computation point. 

*',A' = the geocentric latitude and longitude, respectively 
of the variable integration point. 

N(*,X)» geoid undulation at *,A. 

R • mean radius of the Earth. 

7 * mean value of gravity over the Earth. 

Ag (*'»X') * free air gravity anomaly at the variable 
point *',A'. 


S(T) * 3 l nf7/ T y * 6 sin (*/ 2 ) ♦ 1 ♦ S cos f 

■ 3 cos 1 ln(sin(V/2) ♦ sin Z (f/2)) 


( 2 ) 


where 


? » cos'^fsin* sin*’ ♦ cos* cos*’ cos(A-X')] (S) 

In order to provide a more accurate representation of the 
geoid undulations, particularly with respect to the wavelengths 
shorter than those resolvable with satellite observations, we 
have combined the satellite derived gravity data with surface 
1" x 1® mean free air gravity anomaly observations. This was 
accomplished by dividing the Earth into two areas, a local area 
(Aj) surrounding the point P, and the remainder of the Earth 
(A 2 ). The anomalous gravity was partitioned into two parts re- 
presented by the symbols Ag s and Ag 2 . The A g, values are de- 
fined as that part of the anomalous gravity field which can be 
represented by the coefficients in a satellite derived spherical 
expansion of the gravitational potential. The Ag 2 values are 
defined as the remainder of the anomalous gravity field. Using 
the division of the Earth's surface into two areas and of the 
anomalous gravity into two components one can write Equation 1 
in the form: 

where N(*,l) » N^ ♦ N^ ♦ Nj (A) 

p r 2 " yx/2 

N, - -p= I | Ag_ (*',!') S (V) cos*' d*' dX' 

1 Any ' 0 2 -v/2 * 


N 2 * i*7 IJ A *2 ( *’' A,) S < t > cos *' d *’ dX ’ (5) 


N, • ft Ag,{*’,X’) SCT) cos*’ d*’ dX* 
5 Airy V 2 2 
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For the computations described in this paper, the area Ai 
for a point at which the geoid was being computed, was defined 
to consist of a ' wenty degree-by-twenty degree area centered on 
the computation point. Also in the calculations described here, 
the term Nj in equation S was set equal to zero. Tins is equi- 
valent to assuming that the satellite derived approximation to 
the gravity field is adequate for the area Aj at a distance of 
greater than 10° from the computation point. 


3. ANALYSIS 

3.1 The GEM-6 Detailed Gravimetric Geoid 

Figure 1 presents a contour map of the geoidal undulations 
for the Atlantic Ocean area (from 10° to S0° N. latitude and 
280° to 320® E. longitude). Figure 2 presents the same geoid 
in the form of a three-dimensional plot. These geoidal undula- 
tions were computed using the GSFC GEM-6 Earth Gravity Model and 
a set of 1° x 1® mean surface free-air gravity anomalies. The 
GEM-6 gravity model is a set of spherical harmonic coefficients 
complete to degree and order 16 with additional terms to degree 
22. This model was derived from a combination of (1) a satellite 
solution based on optical, electronic and laser observations of 
27 satellites and (2) a global set of S° x S® equal area mean 
gravity anomalies developed by Rapp. 

The parameters used in these computations were: 

ff ■ the potential of the geoid 

0 (62636875 m2/s s ) 

Y • the mean value of gravity 
(9.789 m/s 2 

a * the semi-major axis of the reference ellipsoid 

8 (6378142 m) 

1/f • the flattening coefficient for the reference 
ellipsoid (298. 255) 

GM • the product of the universal gravitational constant 
and the mass of the earth (3.986009 x 10 14 mVs 2 ) 


3.2 Inter-Model Comparisons 

Previously, we have computed global detailed geoids using 
several satellite-derived gravity models with the same set of 
surface data (Marsh and Vincent, 1974). Comparisons of the 
geoids indicated that the precision of the geoid is highly 
correlated with the availability of satellite observations and 
surface gravity data. For example, differences as large as 30 
meters were noted in the southern hemisphere. These large 
differences are illustrated in Figure 3 which presents detailed 
geoid profiles at 50®S. latitude. These geoids were computed 
using several recently published gravity models. In the northern 
hemisphere where satellite observations and surface data are more 
abundant, the differences in the detailed gravimetric geoids are 
generally less than 10 meters. Figures 4 and 5 present contour 
maps of the geoidal height differences when the Rapp-73 and SAO 
73 models are compared with the GEM-6 model in the Atlantic 
Ocean area. The differences between the GEM-6 and Rapp-73 geoids 
are in the range of 0 to 2 meters while with the SAO- 3 model, 
the differences were as large as 4 meters. However, these 
differences are relative to GEM-6 and are not necessarily an 
indication of the absolute long wave-length error. 
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3.3 Comparisons with SKYLAB Altimeter Data 

As is well known, the value of Stokes’ function increases 
rapidly as the computation point is approached. This is illus- 
trated in Figure 5 where the value of the Stokes' function is 
plotted as a function of the distance from the computation point. 
As can be seen in Figure 6, the steepest variation is in the srea 
of O' to 30' from the computation point. With 1° x 1" mean 
values of the surface data, the shorter wavelength features can- 
not be detected. Therefore, with the availability of point 
anomalies from NOAA, a set of 10' x 10' mean anomalies were 
formed and incorporated into a modified program for a preliminary 
computation of the geoid in the vicinity of the Puerto Rican 
Trench. In this computation, 10' x 10' data were used for the 
first 3° of the computation area and 1" x l” data were used from 
3° to 10°. However, there were a large number of unobserved 
10' x 10' blocks in the area of the computation. Figure 7 pre- 
sents a comparison of the SKYLAB SL-Z pass 4 altimeter data 
(McGoogan, 1974) with the 1° x 1° detailed geoid presented in 
Figure 1 as well as with the preliminary 10' x 10’ geoi 1 for the 
Puerto Rican Trench area. As is noted in Figure 7 the relative 
agreement between the 10' x 10’ geoid and the altimete.- data is 
very good however, because of the large number of unobserved 
10' x 10' blocks, the 1° x 1° geoid is more representative in 
terms of absolute scale. 


4. CONCLUSIONS 

An improved detailed gravimetric geoid has been computed 
for the Atlantic Ocean area. This geoid incorporates a new set 
of 1° x 1° surface data obtained from NOAA in addition to the 
data previously available. The precision of this geoid is on 
the order of 3 meters. The primary sources of error are: 

1) errors in the long wave-length representation of the undula- 
tions by the satellite-derived gravity models and 2) the accuracy 
and density of the surface gravity data. To partially alleviate 
the long wave-length errors it may be necessary to increase the 
area of integration. The preliminary incorporation of 10' x 10' 
data into the geoid computations provided a better relative 
agreement with the satellite altimeter data as anticipated. 
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Figure 1. Detailed Gravimetric Geoid Based Upon a Combination 
of the GSFC GEM-6 Earth Model and 1° x 1* Surface Gravity Data. 
Contour Interval 2 Meters, Earth Radius*6378. 142 km, 1/f * 
298.255, GM • 398600.9 kmVsec*. 
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Figure 2. Detailed Gravimetric Geoid for the Caribbean 
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Figure 4. Detailed Graviaet c r soid Hei k ut Differences GEM-6 
Minus RAPP f 73 
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ABSTRACT 

Localised bathymetric features produce targe amplitude 
perturbations in the marine free-air gravity anomalies. Io order 
to study long wavelength anomalies, which are of particular 
interest in marine geodesy, it is desirable to remove the topo- 
graphy "noise level". However, to do this in a truly three- 
dimensional fashion along a marine gravity track is not practical 
because of the formidable amount of data preparation required. 

It is also undesirable to use conventional Bouguer anomalies 
because these can easily be in error by 60Z because of the one- 
dimensional nature of the correction. He have developed e 
computer program which calculates the sea-surfmce three- 
dimensional gravity effect of a conical seamount from a point 
above the apex to any distance off -axis. The results of this 
program ere compered with those of a Taiwan! two -dimensional 
equivalent of a ship track across the off-axis hyperbolic slice 
of the cone. A study of more than 100 seamovnts in the Pacific 
Ocean showed that their slope angles range from 4.5* to 17*. For 
this reason, model cases with slope angles of 5, 10 and 15 
in water depths of l to 6 km were considered. For a seamount 
with its apex at 2 km depth and base at 5 km depth a 10* slope 
angle, the two-dimensional method over -corrects by 10X over the 
apex, but gives the seme result as the three-dimensional method 
at an off-axis distance of 601 of the base radius. Farther out 
than 601 of the base radius, the two-dimensional method under- 
corrects. He have developed e second computer program which 
uses e two -dimens tonal method to correct the free-air anomaly 
for topography al*>ng the ship's track. Curves from the cone 
program as well as two-dimensional topography corrected free-eir 
anomaly tracks are presented. 


INTRODUCTION 

Gravity anomaly data, paitlcularly in the r>u of l*xi* 
means, are needed In order to determine undulations of the 
gravimetric geold, determine components of the deflection of the 
vertical, and to derive an earth gravity modal, i.e., a euherlcal 
harmonic expression of gravity variations on a global U-sis. 

In continental areas, good approxima t ions of mean l’xl* can 
be made in most areas. Part of the reason for this is that land 
gravity measurements can be made at relatively low cost for quite 
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a large number of stations. Any station location is well know, 
and Che gravimeter is stationary during the observation. Many 
areas of large extent have observations on a g* id -l ike pattern, 
and there are enough point anomalies available «o that simple 
averaging can be done and a reliable mean Is oil a load. Good 
topographic maps are available so that terrain corrections can be 
made . 


The situation is not so good as regards marine gravity 
result. . One factor is the high cost of the sea gravimeter 
itself, «t least 15 times the cost of land meter. Another is the 
very high cost of ship operation. A ship suitable for sea- 
gravity observations costs thousands of dollars a day to operate. 
These two factors alone indicate not only why there are great 
gaps in the sea gravity data, but also why the areal coverage 
usually consists of a long single track through a region rather 
than a grid pattern of observations. Then it becomes much more 
difficult with the sea data to determine mean l a xl* anomalies 
than it has been for the land data. To make matters worse, the 
ocean bottom very often ha.-' relatively high relief which usually 
consists of seamounts. Because of navigation uncertainties, the 
exact location as well as configuration of bottom topography is 
not well know. In addition, slone corrections to the echo 
sounder depths have probably not been made, so that in bottom 
topography configurations where therein a high slope angle, the 
charted depths may be incorrect. In this regard see Krause 
(1962). 

For land gravity ot servat ions , a several km high topographic 
feature only a few kilometers away has virtually no terrain 
effect on the vertical component of gravity. At sea, however, 
the observation point, instead of being at almost a right ingle 
to the feature, is usually above the level of the top *>f the 
feature. Therefore the angle from the observation point to the 
center of mass of the topographic feature will be considerably 
different from nearly horizontal, and the gravity effect much 
larger. 

It is well known that marine gravity results are only as 
good as the cross -coupl ing corrections, horizontal acceleration 
corrections, and Eotvos corrections. These matters will not be 
discussed in this paper. The problem which ve want to examine 
here is that of effectively removing the "noise -levc 1 " or pertur- 
bations in the free-air anomaly, caused by the bottom topography, 
to obtain a residual gravity field which Incorporates only the 
effect of the deeper mass distributions The altuatiun is the 
inverse of the one encountered by the paleomagne tic investigators 
where they remove the veglonal so that they can look at the local 
effects. The most difficult topography effect to remove is one 
that is truly three-dimensional; one of the most common features 
in marine bottom topography Is the submerged seamount Wj 
thought that it would be profitable to study the difference 
between the three-dimensional (3D), two-dimensional (2D) and one- 
dimensional (IT) gravity effect of conical seamounts. 


THE GRAVITY EFFECT OF A CONIC . SKA MOUNT 

We felt that it was reasonable to assume that the form of a 
submerged seamount could be approximated as a perfect cone, 
although we realized that no such seamount probab?y exists. Our 
chief purpose in addition to producing a table of gravity effects 
we* to compare one and two-dimensional approximations with the 
three -dimensional ly derived gravity effects. We examined the 
bathymetry character of more than 100 "reasonable" seamount* In 
the central Pacific Ocean. The slope angles were calculated *ros 
the height divided by base radius, and were found to range froi 
4.5 to 17 degrees with 10 degrees as a reasonable mean. Appendix 
A gives a summary of the developments leading ro a group of 
equations used for calculating the off axis vertical gravity 
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effect of a horizontal circular disk. The seamount was then 
approximated from stacking up to 100 varying sized disks. We 
used a density of 2.3 g/cc*, or a differential density of (2.3- 
1.027) g/cc. 

Tables 1, 2 and 3 give the vertical gravitional attraction 
of conical seamounts of density 2.3 g/cc and having slopes of 
5, 10 and 15 degrees respectively. The tables give the radial 
distance in km from the axis corresponding to an even 10 mgal 
unit. Por cases where the on-axis mgal effect is not an even 
10 mgal unit, the mgal effect is given in parentheses in place 
of the zero-km number. The purpose in present'*- * the tables in 
this form is to -ermit other investigators to construct graphs 
of their own to *uy scale. Drawn as plan view circles at the 
appropriate radi., they would permit the gravity effect profile 
of an off-axis snip track to be determined. If some other 
density p besides 2.3 Is des ired , mul t Ip ly the mgal effect by 
(P - 1.027)/ (2.3 1.027). 

The 3 -d imens iona 1 results were compared not o»:ly with 
Taiwan! . e c . al . (1 < *S9) 2D equivalents of ship tracks across off- 

axis slices of the cone, but also with ID corresponding approxi- 
mation* along each track. The ship track distance increments 
were 5 km, because this is about the distance a ship will travel 
in 15 ninutes at 10.5 knots, and our ship gravity results are 
given for even quarter hour time* Table 4 presents the com- 
parisons for the on-axis ship track cas's. In order to discuss 
off -ax. cases, it seemed best to pick a few examples of reason- 
able situations encountered at sea. Figure l shows a half- 
profile of the v-trtica gravity effect of 10* as well as 15* 
conical seamounts where the base depth is 5 km and the depth to 
the top is one km. Figure 2 shows the mgal error in usin* a ID 



FROM POINT OF ClOSEST APPROACH 
TO AXIS 

Figure 1. Vertical gravity effect at sea-level of two conical 
seamounts. Both have a base depth of 5 km and a top depth of 
1 km. Solid Mnes are fob one with a 10* slope from the hori- 
zontal, and dashed lines are for one with a 15* slope. Corres- 
ponding base radii are indicated by the open triangles. Effects 
are shown along ship tracks crossing on-axis, as well ss flank 
crossings at 5 km successive offsets from the axis. 
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flat-slab assumption (upper graph) In correcting to the 5 km base 
level, as well as the mgal error using a 2D Talwani method along 
the track. It Is apparent that, on the axis, the ID error is 
enormous, being 481 too large, while the 2D Is much more reason- 
able at 16% too large. On axis, the ID as well as 2D methods 
are blind to the deficiency of mass laterally. For the 10° sea- 
mount and ID assumption, a conventional marine Bouguer anomaly, 
in which the sea water is replaced by rock, would over-correct 
the 145 mgal free-air anomaly by 69 mgal and appear as a large 
negative spike of almost half the amplitude of the original 
anomaly. Clearly, then, the 2D assumption is much better because 
in the worst case (on-axis), the 145 mgal free-air anomaly would 
be reduced to only-23 mgal, and at 10 km off-axis, to-8 mgal. 

The 2D-3D graphs for cases other than that shown in Figure 2 are 
quite similar in shape, and all exhibit the equality of 2D wijth 
3D methods when the off-axis trackline distance is about 60 to 
70 percent of the base radius. This percentage is given in the 
% RAD 2D - 3D column in Table 4. Of course, the 2D assumption 
under-corrects for topography when the off-axis distance is too 
great. 



Figure 2. Mgal errors of ID (upper) and 20 (lower) assumptions 
relative to the curves shown in Fig. 1. Only the 10* case Is 
shown In the 2D-3D graph. Insert numbers give km offsets from 
the axis. 


EFFECT OF FEATURES OFF THE TRACKLINE 

It is Important to know th magnitude of the gravity effect 
of features off to the side of the trackline and not seen 
directly by the echo -s ound tng device on the ship. The half- 
angle ot a conventional echo-sounder cone of energy is 30* 
relative to the vertical. This means that the echo-sounder's 
lateral effectiveness ranges from 3.5 km in 6 km of water to 
1.7 km in 3 km of water. From the base radii given in Table 4 
it is seen that ’’or all cases given in Tables 1 2 and 3, the 
worst error encountered in ignoring seamounts off to the side of 
the track is 13 mgal for a 15* slope at zero km to the top and 
6 km base depth. Almost all other cases are 10 mgal or less. 

The validity of ignoring lateral topography would not be true, 
however, if there were a large 2D bathymetric feature parallel to 
tite trackline but just out of range the echo-sounder. Thus 
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TABU 4- The vortical gravitational attraction, at saa level and on the axia, of a seamount, 

and the comparison with one as veil as tvo-dlaensional approximations. Density la 2.3 g/.c. 
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•crap*, trenches, ridges, Island chains and continental slopes, 
for example could not be Ignored. However, such situations would 
be treated as special cases. 


MOVING WINDOW TOPOGRAPHY CORRECTION 

We have developed a computer program which we call TCFAA 
(Topography Corrected Pree Air Anomaly). Its purpose is to be 
a relatively inexpensive method of correcting the marine observed 
free-alr anomalies for the effect of bottom topography along the 
track. A “boxcar window" is centered on the observatltn point. 
The *ean water depth, maximum water depth, and mean free-air 
anomaly are calculated for only the sequence of track data within 
the window. The talwsni 2D effect of the topography relative to 
the mean depth is calculated and subtracted from the free-air 
anomaly. Except for discrepancies between the 2D assumption and 
3D configurations, the result approximates a "complete" free air 
anomaly relative to the mean depth for the window. The window 
is advanced along the trark along with each new observation 
point. 

The results of a test of the program are shown in Figure 3. 
The track was taken from Leg 8 of KANA KEOKI in 1973 and goes 
from 5 . 5*S 168*W (left) to 3* S 175. 5*W (right). All bathymetric 
"bumps" are crossings of essentially conical seamounts. The 
center of the track Is about 120 km aouth of Canton Island and 
the bathymetric depression past 800 km Is a western extension 
of the Nova Canton Trough and is tharafere two-dimensional. 

Figure 3a shows original data. Figure 3b shows the results 
of using a window width of 110 km corresponding to 1°, and 
Pigure 3c shows the results of using a window width of 330 km 
corresponding to 3* geographically. 


DISCUSSION OF RESULTS 

Figure 3b shows a very close correspondence between the 
mean free-air anomaly and TCFAA. This would be expected because 
TCFAA is done relative to the mean water depth. Over 1* or 110 
km the area should be only 50 percent lsostatlcally compensated, 
as has been pointed out by Wool lard (1962). Because the lateral 
effect of seamounts not seen by the echo-sounder can be effec- 
tively ignored, we feel that the mean topography and free-alr 
anomalies obtained with a 110 km window and a single ship track 
should provide powerful information for determining a local area 
basic predictor. This in turn, can be used to determine the 
local i # xl* mean anomaly. The TCFAA profile for a 110 km window 
probably cannot be used profitably for geological structure 
interpretation. This is because the mean water depth does not 
truly represent the most commonly occurring water depth for the 
whole region in general. The moat common depth would be given 
by the "mode," which might not be possible to find In cases of a 
monocline or sawtooth topography, for exampla. There Is a way 
out of this problem, however. Woollard (1962) maintained that 
topographic features must be about 3*x3 # or larger in order to 
be compensated more than 801. This is the reason we also show 
results obtained with a 330 km window. 

Figure 3c shows that the TCFAA from a 330 km window should 
be very useful for local crustal structure Interpreter' oni . In 
particular, the departures of TCFAA from the 330 km mean free- 
area anomaly Indicate areas of probably structural or tectonic 
Interest. The mean free-alr anomaly as well as mean topography 
change very slowly and would be quite useful for a regional basic 
pred 1c tor . 




DISTANCE IN KILOMETERS 


Figure 3. Profiles of the free-air anomaly and bottom topography 
used for a test of TCFAA. Original data are shown In (a). TCFAA 
(bold line) mean PAA (fine Kne) » and mean bottom topogrephy for 
a 110 km window are shown in (b) . The same quantities as in (b) 
are shown in (c) for the case of a 330 km window. 
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CONCLUSIONS 

1. Even in Che worst case where a ship crack crosses the 
axis o £ a submerged seamount, the 2D approximation for 
removal of bottom topography gravity effects Is consid- 
erably better than use of a ID flat-slab approximation. 

2. Seamounts off to the side of the ship trackline and not 
seen by the echo-sounder can be effectively ignored as 
regards the correction of the free-alr anomaly for their 
topographic effect. 

3. The moving window TCFAA computer program with a 110 km 
window can be used very effectively for long ship tracks 
to give good l*xl* free air anomaly approximations. In 
addition, the program is very useful for studying 
crustal structure problems when used with a 330 km win- 
dow bfcjiMse the mean topography and 

mean free-alr anomalies represent regional or "steady 
state" conditions while the TCFAA results represent 
local deeper structural gravity effects which are not 
contaminated or screened by the local topograph ic "noise - 
level." 

4. The 330 km means should be very useful for setting up 
regional basic predictors. 

3. The TCFAA program uses only what It can see, and suffers 
only from use of a 2D assumption. Therefore, it is In 
reasonable harmony with the principles of minimum 
as ton lshmen t . 
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TDK VERTICAL cununwu ATT (ACT IOC OF A 
HO* 1 1 OCTAL ClhCVLAk DISK 

Ito wrtlcal imlutloatl ittnetita of a vary tbta 
harlsantal circular Disk can ba cocpakad froa tin aolid eng la 
aabtooded by cha disk. Tkara arc c a v a r a t different ace bod a of 
calcalatlnc the solid nogle , aad cha computational efficiency 
of oacb method varya oleh cha borisoacal as aall as varcical 
dlscaacaa froa cha disk. 

Tha varcical gravitational attraction. I, , of a borisoacal 
disk la given by the colons integral 



chars y la cha gravitational cons coat. 6 la cha density, r la 
the distance of tha field point froa cha source point on the 
disk, and • la the angle between r aad toe normal to the disk. 
This la shown in Figaro Al. 



FIS. Al. Diagran of vertical gravitioaal effect of a horisontal 
dlak. 


For h « r, (1) reduces to 





(*> 


chare t represents tha area of the dlak. Tha solid angl* «t 
field point F sabtandad by tbs disk la 





where ft is the unit vector normal to tha surface of tha dlak 
aad A Is the eltaeac of area (dA) vector diractad along tha 
line of length r. Mow (3) radaeas to 
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fcose 

J <T F7_ 


dA 


(A) 
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Iom aod Bo — n 


■hlch is the mm iaesgral as tkt oaa ia (2). Than (1) Cos a 
chin disk can ba expressed as 

I r «• y#bq . <s> 

The Mine of 0 on tbs asis (poo) reduce* to 

0 o • fn .*>- (4) 


The eealaation of the integral for a point off the aais is noch 
nore coapiicated. Soaa methods have ossd poser series expan- 
sions. and others bare determined closed fora solutions ia 
terms of Elliptic integrals of the first, second and third kind*. 

Jaffcy (19S4) lists resnlts of Snanalt obtained by expan- 
ding the integrand In a binomial series and then integrating 
term by tarn. Since the integrand of (4). cosB/r*. is a solu- 
tion of Laplace's equation, the solid angle can also be 
expressed in terms of a Legendre polynomial series of the fora 

0 « £ («ose> . r>a (7a) 

n-o r " 

Q 4p (co*0). r<a (7b) 

•here cosB - Z//z£p5 

The coefficients 1« do be solved for by comparison eith the 
terms of the Zuanalt expansion for the on-axis case. 

Eefer to Jeans (19S6). p. ell, for an example of this 
procedure. The particular result nose suitable for our purposes 
is 

Q - -In E *2n (0) P 2n -i <«»•«> r>a (S) 

n-1 r ( J-7b) 


vhich converge* rapidly for r » a. Otter types of series 
expansion results are also given by Jaffey. He denote (8) as 
our Equation (J-7b> where prefix J refers to Jaffcy. 


Other approaches to the problem have provided exact solu- 
tions la teems of the complete and iaeoaplete Elliptic integral*. 
One such solution is derived by Paxton f 19591 ■ Starting fron 
C4) he obtains - 

Bus* h 

0 - 2 J J sin <p dp dp . (9) 

o "o 
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After expressing f, sod 8 In teres of { sod other psrsaeters the 
resulting Integrals become the complete elliptic lnte(rals of 
the first end third kinds. To simplify the expression, the 
Elliptic Integral of the third kind is expressed in teres of 
Beoaan's laabda function, A • The following resalts sere 
obteined by Paxton: 


0 • 2w - 


r ■ a - - Kfkl . trA (t.k) . p<» (10a) 

/ Z 1 ♦ (o+a) 2 

22 


a • « - 




K(k> 


(p+m) 


-tz 


0 * j-v- r- -j B(k) ♦ (5, 

* 1 * (pie) 


k) 


p-a 


P>» 


(10b) 


(10c) 


where 


k 2 » 


- 2 - o - “ — • 5 « sin 
2 Z * (p*a) z 


2. 2, 1/2 

■1 n-fc I" 


[L±^L_] ; w 2 . itt 

L l-k J («+, 


(P*e) 


and K(k) is the coeplste Elliptic integral of the first kind. 

The Benaan laabda function can be expressed in a series coo - 
taiolng K(k) , S(k) (the complete Elliptic integral of the 
second klndl , 5, and k. To evaluate Paxton's results, refer to 
Hsxv (196S) as cell as Abramowits and Stegun (1970), chapter 17. 

Another exact solution for Q in terns of Elliptic Integrals 
was obtsined by Tallqvlst and referred to by Garrett (1954). 
Tallqvisc approxlaated the exact solution ss 

0 • 2n - 2t» sine [l -|k 2 -|yk 4 (3-4tan 2 e> . . . J (11) 

in this case k 2 - (p 2 4Z 2 +a 2 -S) /(p 2 +Z 2 +a 2 +S), 

S - I(p 2 +Z 2 -a 2 ) 2 + 4s 2 E 2 li /2 sln 2 B « (p 2 +Z 2 .- 2 +S)/2S and 
caaO " 2aZ/(S+a 2 -p Z -2 2 ) . 


The solutions given here, as well as some others, were 
exaalnod to determine the best series to use la different 
regions to achieve a given accuracy with a minimum number of 
computations involved. The accuracy of 0 wss arbitrarily set 
atO.OOOl radian for the teat case, for each solution, Q was 
computed tern by term until the term was less than the daslrsd 
accuracy. The resulting sum for each series was then compared 
with tabularlaed solid angle values ( Husks t . 1957, 1962) to 
confirm that the series had in fact converged. Par computer 
applications, the regions adopted are shown in Figure A3 and 
indicate the particular equation used and the associated numbers 
of terms required to achieve an accuracy of 0.0001 radian. The 
scales for p and Z are not linear as the only purpose is to show 
the general regions. 



FI6. A3. Regions of p and 2 adopted for 0.0001 radian accuracy. 
Equation used and numbers of terns required are given, except 
that for the Paxton solution, 14 refers to the number of terms 
used in Henman's laabda function. 
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ABSTRACT 

A Pacific atoll where several sstrogeodetk deflections of the vertical hare been observed, served 
at a teat area to determine whether bathymetric data could be utiliaod to predict d eflecti o n values. 
The extent of die data c o v e ra g e and the type of assumptions required for the construction of a 
density model are explored. Guided by the evidence of some of the given deflection, a model wet 
constructed from which the other deflection values were predicted with an uns. error of leas dun 
175. 


INTRODUCTION 

The capability of mapping the ocean floor with increaeiiig detail will provide a new source of data 
for geophysical and geodetic purposes. Bathymetric survey te chn iques have advanced hr this century 
flora die primitive “lead and line” technique to echo^ounding while the ship it moving, and further 
to covering a wide swathe on cither aide of the ship’s tracks. Based on rruiltiheara systems of 
side -scan sonars (Stubbs et ah, 1974), ocean depths can be measured simultaneously ha a swathe of 
2.5 miles on either ride of the ship. The great saving in ship time and the inner consistency of the 
great number of continuous and simultaneous depth measurements offer the prospect of a block of 
data from oceanic regions, less expensive and more abundant than could have been acquired up to 
now. If that dan, could be utilised for the determination of deflection* ar tea. it would provide an 
alternative or complementary method to gravimetric decerminatioot which requite very expensive 
dense gravity surveys in the ocean areas. The possibility of tuch utilisation, on principle, i* explored 
in the following sections. Instead of the anticipated near perfect data of the Astute, however, we 
had to nuke do with currently existing not quite so perfect bathymetric charts. Yet, the results 
seem to be encouraging. 


THE DATA 

The Kungalein atoll in the Marshall Islands is uniquely suited for our investigation, time several 
astrogeodetic deflections of the vertical have been observed there in connection with a local, 
first-order control network. These deflections, with an estimated accuracy of O'.' 2 in each 
component with respect to the local datum, constitute held feels of life, against which to test the 
degree of success in reproducing deflection values from bathymetric data. The roughness of this test 
area is redacted in the wide range of deflection values over a region of lea than V* in diameter: 
from -24".'49 to +29 V 20 in the meridian and from -20'.’ 94 to + 24V 96 in the prime vertical 

The bathymetric data were read from HydtopapUc Office chute at various scales (1:1 Mill, 
1 1 100,000, 1 : 12,000, 1 tl0d)00) and from 1 :25,000 Army Map Service maps. For application of the 


397 



Fischer and Wyatt 

“rectangular method” (Fischer, 2966), a data set was colle c ted Cor area units of tfS x fl*.$ coveting 
the pertinent pan of the atoll, and area units of £5 a £5 and 5* a 5* further out. Units containing 
both, water and land, were adjusted proportionally. For drosifirartno in the vicinity of the 
astrogeodetk deflection stations, tire bosk 0!5 a 0*.5 unit containing the station was subdivided into 
5” t 5" parts and the surrounding dght units into 1(P a 10** parts. Due to the scarcity of data in 
some regions, compromises had to be made in the delineation between the area categories; there was 
some difficulty in rec onciSag the given coordinates with the map grid. Such troubles should not 
appear with future, hopefully complete and internally consistent data sets. 

The extent of the data area and the categories (Fig. 1) are the remit of prehmnwry explorations 
with data sets 1 to 4. The adopted Set 5 comprises 14,000 readings in an area of 5* in latitude and 
4° in longitude, where each deflection station (within the shaded area) is at least 1?5 from the 
boundary. Although this seemed to be suffi c ient for producing the major part of the deflection 
values, another enlargement to Set 6 was made, in order to evaluate the gain versus 'he expenditure 
of effort ami machine time. Set 6 comprises 20,000 readings in an area of 7*05' in latitude and 
6*45* In longitude, where each station is at least 3* from the boundary. Both sets were used in the 
following analyses. 

TOPOGRAPHIC DEFLECTIONS 

Tile deflections of the vertical observed on die islands surrounding the lagoon reflect very deafly 
tire land-water distribution, as seen from their vector representation in Figure 2. A typical depth 
profile across the atoll (Figure 3) shows its steep slope towards peat ocean depths and makes the 
magnitudes of the deflections and their directions understandable. This picture of a well delineated 
mass, superimposed on the more or less flat ocean floor at about 5 km depth, invites the attempt to 
compute deflection values due to this mass distribution and to see how close they would come to 
the observed values. 

Since the given astrogeodctic deflections are referred to a local datum which is not necessarily 
compatible with the computed topographic values, a datum transformation should be considered. 
Luckily, a transformation to a world datum, a regionally well -fitting datum, or any other datum for 
such a small area is equivalent to a blanket correction and can thus be applied to the results if 
needed for interpretation. 

The depth readings together with a density value of 1.027 g/cin* for ocean water and an adopted 
constant density value for the rock down to a uniform depth of 5 km constitute a description of the 
“visible” topography. Earlier investigations (Fischer, 1974) have suggested 2.4 as a good density 
number for this area. 

The topographic deflection at a station A is computed as the sum of the horizontal components 
of attraction of oil rectangular columns belonging to the area units described above. These 5 
km-columns (Fig. 4) are either fully water or rock or subdivided. For simplification the mass is 
treated as a point mass in the center of the water or rock column respectively. 

Computations were made for 16 stations where observed astrogeodetk deflection values provided 
a comparison. Both data sets were used to determine the effect of the enlargement. Table 1 lists the 
observed values and the residuals (Observed minus computed). The difference in the data sets is 
evaluated here in terms of smaller absolute residuals: the larger Set 6 reduces the residuals for ( In 
10 out of 16 cases with an average of 172, and for * in 9 out of 16 cases with an average of 27 1. 
For the remainder, however, the residuals are worse, so that on balance the pin from the 
enlargement is questionable. 

How much of these residuals is due to using the same rectangular data area for aO stations instead 
of radially symmetric individual areas for each station? Table 2 shows the residuals computed from 
the largest circular area within Set 6 around each station, and the number and amount of 
improvements compared with Table 1 . Again, the gain is questionable. If isostatic compensation is 
applied, however, there is practically no difference. For a specific station, Figure 5a shows the 
accrual of the deflection values with increasing radius. The vertical line indicates the largest radius 
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Table 1. “Visible" Topopaphy, a » 2.4 
Residuals Bated on Two Data Sots 


Observed Deflection 

SetS 

Set 6 

Improvement 

Sts 

*» 

t 

a 

n 


< 

t” 

M 

'a 

h> s r-ir t r 

1 

-22.73 

♦10.82 

-132 

♦0.16 

-0.94 

♦3.48 

♦168 

-130 

3 

-24-49 

♦ 4.48 

-3.10 

-2.16 

-237 

♦136 

♦073 

♦0.90 

6 

-21-42 

-19.12 

♦3.44 

-4.39 

♦4.19 

-134 

-0.75 

♦2.71 

7 

- 832 

♦2020 

♦346 

-0.89 

♦33S 

♦237 

-079 

-1.98 

6 

-11.71 

-30.94 

♦1.11 

-3J5 

♦238 

-0.71 

-aw 

♦244 

9 

- 056 

♦20.46 

-148 

-US 

-032 

♦0.15 

♦136 

♦3.10 

11 

- 029 

♦1738 

-0.94 

-436 

+0.15 

-0.74 

♦079 

♦332 

12 

-1339 

- 932 

-2.S4 

-0.21 

-137 

♦2.14 

♦247 

-1.93 

13 

-20.05 

-11.66 

-4.79 

-1.11 

-154 

♦038 

♦135 

4033 

14 

♦1139 

♦2133 

-0.17 

-538 

♦1.10 

-1.98 

-0.93 

♦348 

IS 

-20.04 

-1231 

-331 

-MT 

-134 

-1.06 

♦137 

♦139 

16 

♦21 34 

♦1847 

4030 

♦138 

♦2.25 

♦331 

-1.65 

-XI 1 

17 

♦2130 

- 6.94 

-0J9 

♦234 

♦1.28 

♦3.46 

-089 

-032 

18 

♦25.52 

♦1332 

-3.92 

♦4.5S 

-236 

♦636 

+1.86 

-131 

20 

+27.20 

♦ 7.58 

— 4J6 

-230 

-237 

+4.59 

♦139 

-1.79 

23 

-19.78 

-11.92 

-3.78 

-135 

-148 

-038 

♦130 

♦1.77 

Eiri/16 


2.4 

2.5 

23 

23 



r.BUL 



23 

2.9 

23 

2.7 



better, average/number of coses 




♦1.2/10 +2.1/9 

worse 

, average /number of cou 




-13/6 

-1.9/7 


Table 2. individual Largest Circles Venus Fixed Data Ana 
Comparison of Residuals (Set 6) 



Largest 

Vfcrfble Topography 

With bottatic Compensation, 113.7 bn 


Radio* 

Circular 

Improvement 

Circular 

Improvement 

Sts 

km 

•t 

•8 

•n 

Ot.fi" Oh/ 

t" 

< 

6t.fi" 6|»/ 

1 

3S0 

-137 

♦4.52 

-143 

-104 

-638 

♦159 

♦80S 

♦006 

3 

3S2 

-4.79 

♦231 

-242 

8.95 

-61? 

♦2.19 

♦005 

♦005 

6 

362 

♦2-34 

-133 

♦11$ 

♦031 

403V 

-3.11 

-004 

-002 

7 

348 

♦237 

♦3.76 

♦lie 

-139 

♦1.13 

♦033 

-003 

♦0.96 

8 

368 

♦1.04 

-0.68 

♦1.04 

♦003 

-109 

-038 

♦031 

-002 

9 

350 

-0.60 

♦us 

-0.58 

-098 

-1.95 

-032 

008 

-006 

11 

352 

-033 

♦0.17 

-0.18 

40.57 

-149 

♦0.20 

030 

♦OOI 

12 

368 

-1.63 

♦106 

-0.26 

♦008 

-340 

♦030 

030 

♦0.01 

13 

366 

-162 

♦037 

-0.08 

♦051 

-236 

-021 

-OOI 

030 

14 

3S0 

♦1.18 

-0.99 

-0.08 

♦099 

♦0.17 

-102 

♦032 

-0.05 

IS 

356 

-1.63 

-213 

+0.21 

-135 

-137 

-439 

-0.02 

♦OOI 

16 

364 

♦3.68 

♦194 

-1.43 

♦037 

♦332 

♦063 

♦8.05 

♦OOI 

1? 

348 

♦237 

♦1.64 

-1.39 

♦132 

♦144 

-1.10 

♦0.05 

♦003 

18 

354 

-036 

♦5.51 

♦100 

♦085 

♦1.10 

♦1.61 

♦037 

030 

20 

352 

-018 

♦339 

♦239 

♦0.90 

♦0.76 

♦1.66 

♦037 

030 

23 

362 

-140 

-038 

♦0.08 

-080 

-101 

-160 

-031 

030 

£M/I6 

10 

11 



24 

1.5 



rm 


24 

23 



3.1 

1.9 



better 

, average/casas 


♦1.3/7 403/’0 



♦03/8 400/8 


. avenge/cases 


-.3/9 

-10/6 



-00/5 -00/4 
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of circular coverage within Set 6; the wobble beyond it due to the lopride dncs s of die fixed data 
area. By comparison, Figure 5b shows the analogous aim computed with isostadc compensation: 
it straightens out much sooner. 


TOPOGRAPHIC— ISOSTATIC DEFLECTIONS 

Experimentation with some Isostatic models for this era (Fischer, 1974), specifically with the 
Ptatt-Hayford hypothesis and a series of density values end depths of compensation, has suggested 
that there may exist some compensation, hot that k takes place futthcr down rather than at the 
traditionally adopted depth of 113,7 km. The as sump ti on of twice this depth, 227 km, has given 
smaller residuals. Although the underlying geophysical facts, if any, can be modeled in a number of 
different ways, this assumption was maintained here for die time being. Table 3 shows the residuals 
and the difference in the effect of the two data sets. 

A comparison of the “improvement** columns in Tables 1 end 3 confirms the impression of 
Figure 5: the ieostarically reduced deflections derive their full magnitudes from a much smaller 
data area; neithar the enlarged area nor its lopsidedness have a significant effect on the stabflited 
value. This result conforms with an earliet finding (Chovitz and Fischer, 1959) that on a global scale 
the topograohy beyond a radius of about 450 km has a negligible effect on a deflection value under 
the assumption of the Ptatt-Hayford jsostatic theory (Fig. A). 


Table 3. Prart-Hayfotd Isostadc Models, e • 2.4 
Residuals Based on Two Data Sets 
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FURTHER REFINEMENTS 

Figure 7 shows the residuals corresponding to Teble 1 , Set 6, and Figure 8 those of Table 3, Set 
A, for 227 km depth of compensation, A comparison indicates that the isortattc compensation 
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helped particularly in the nook, bat mad* thing* much worn for the tomtom tip of the Ktm$defa) 
bland itself. Apparently, too modi burette compensation hat been applied for timi bland, which 
can be remedied by placing a small surload Juat north of U. It must be near enough for the detired 
effect, and email enough not to affect tdvcnely the feat of the etoB. It b triaaaU^d, geophysjcelly, 
at an intrusion of the denier basaltic oceanic crust (o » 2.98 g/cm*) ban die volcanic core of the 
atoll (e = 2.4 glcm*) with a density difference of *0.58 glcm\ Similarly, three other nutoada wen 
placed aa shown in Figure 8, wbh a dramatfc reduction of the residuals (Table 4 and Flgun 8). The 
location and amount of thete turloada waa explond first by treating then at point masses 
repretesting limbed tlaba above the bauble layer, which b ettumed to begin at 6 km depth and b 
normally covered by about 1 km of sediments. The point man computation waa followed by 
computation for 015 a 015 cohtmna for the extent of the dab with a height of 4 km, 2 km, 2 Icm, 
and 3 km, respectively; the difference in result) was only a few tenths of seconds. 


Table 4. Deflection Residuals From an Adopted Model 
Pratt-Hayfotd (227 km) and Four Surloads 
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Data Set 6 
„ *» n 

1 '9 
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Data Set 6 
" _ •» 
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14 

-017 
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15 
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16 
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17 
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Thu refinement of the density model for the atoll expteaaes the geophysical likelihood that the 
rock density b not uniform throughout, which may have something to do with the way this 
volcanic atoll was formed. From a purely computational viewpoint such refinements could be 
fattened locally to perfection, but that would defeat the purpose. To find a density model for 
predicting as yet unobserved deflection values the model must be geophysically plausible and 
regionally valid. 

Variation! of density could also be edded successfully to the model represented fas Figure 7. This 
hat been done with data Set 5 (Fischer, 1974). While the details of die refinemtnts will differ 
depending on what else hat already been bulb into the density model, they may be equivalent 
descriptions of the same underlying reality. For example, the surplus density in the center of die 
atoll (Fig. 8) may be roughly equivalent to two density deficiencies flanking the atoll. 

The density model represented by Figure 8 end Table 4 wet tested against 16 newly observed 
deflections, with residuals shown in Table 5. Their magnitudes of less than 2" and of around 1” 
r.m-s. are certainly encouraging. 


COMPUTATION WITH UNIVAC-1 108 

Computations for thb project were done on the UNIVAC-1 108* using die FORTRAN compiler 
language. Theoretically, the programing for the deflection computation waa rather straightforward. 
Practically, though, there werr a few difficulties such aa conserving computer d me and keeping 
track of the large amount of data used In the computations. 


•Any mention herein of • commercfal product doe* not continue endowment by the U1 Gonrnmem. 
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Table 5. Sixteen Teet Points Ptatt-Hayford (227 km) 
and Four Sudoads 
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26 
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27 

-12,33 
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♦0.77 
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28 

- 4.50 

♦2449 
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-0.69 

29 

-1141 

-12.99 

-142 

*145 

30 

♦ 2.54 

♦24.96 

+049 

*045 

31 

*26.93 

- 2.39 

-1.17 

*148 
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♦29.20 
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The computation of each bathymetric value waa accomplished by a subroutine, separate from the 
main program. This made it poaribtc to have a different subroutine for each variation of the density 
modal that mat considered. This also made it easier to change bach and forth between models 
without tampering with the main program. 

A special effort had to be made to make the subroutines at efficient as possible because of the 
multiple effect any unnecessary calculation would have on the computer time. A subroutine had to 
ha called about 20400 timet for each station, or once for each bathymetric value contribution. At 
it turned out, the CPU rime to compute both deflection components avenged out to be 13 to 16 
seconds per station. For example, it takes about 8.5 minutes of CPU time to compute 64 
deflections, using about 20,000 bathymetric values. 

The data warn read from the various charts by Inspection, using templates to divide the 
htitudefongittide grid into rectangular areas of different sizes, aa mentioned earlier. The values were 
then placed eight on a card to ha mad and placed on tape. The latitude and longitude values tt the 
upper left hand comer of each rectangle were used tt the control point. The cards alto contained 
the length (in minutes of arc) of s side of the squares represented on the card, the *Jt position of 
the first value on the card, and a control variable in the column following each baythmetric value. 
During the computation, the control variable waa checked before using each bathymetric value. If 
the variable was N , the value was ignored and die program moved on to the next value. 

Using the control variable in this way waa vary useful during this project for two reasons: it 
made corrections easier and it enabled the replacement of any value representing s given rectangular 
amt with a set of values for subdivisions into different sites of rectangular areas. 


SUMMARY AND CONCLUSIONS 

The first impression that the visible distribution of land and water in the region of the atoll 
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would explain the major part of the large deflection value* ha* proved correct . value* larger than 
20" have been reproduced with an rm error of 2" to 3". Further, ample assumption* about the 
density distribution, including i*o statically compensasad^and uncompensated matses, have reduced 
this error to less than 1'.'5. More detailed assumptions could probably reduce this error even 
further. 

The construction of a aeries of tentative density models for the ares was guided by a set of 
initially available attrogeodedc deflections and tested against another set of deflections observed at 
a later date. While there were several successful models with diffctc.it lets of small residuals, the real 
geophysical structure could not yet be clearly identified at that time. For example, models with and 
without isostatic compensation were both aucctssful, because the effect of the compensation could 
be modeled alto by density difference* of reasonably placed uncompensated man excesses or 
deficits, in mote than one way. Geophysical interpretation will have to wait for further studies, 
supported by other geophysical evidence. 
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OPERATIONAL RELIABILITY OF A CONVENTIONAL SATELLITE 
NAVIGATION SYSTEM IN BEAUFORT SEA GRAVITY STUDIES 


E. F. Chiburls and Peter Dehltnger 
Marine Sciences Institute 
and Department of Geology and Geography 
The University of Connecticut 
6roton, Connecticut 06340 


ABSTRACT 

1 

In conjunction with surface-ship gravity studies conducted 
In the Beaufort Sea, an analysis was nade of ship positions 
obtained with a conventional satellite navigation system aboard 
a USCS Icebreaker operating on the continental margin north of 
Alaska. Every possible fix was obtained during 1972 and 1973 
field seasons to penal t the calculation of accurate corrections 
to gravity measurements. Analytes were nade of gravity anomaly 
alstles at trackline Intersections and of satellite fixes. 
Indicating that routinely obtained nevigation data are sufficient 
to determine anomalies within a one mllllgal uncertainty. 


INTRODUCTION 

A marine gravity program was conducted aboard USCG Ice- 
breakers on the continental aargln of the Beaufort Sea, north 
of the Alaskan coastline, during the summers of 1972 and 1973. 

The principal purposes of the program have been to determine 
crustal and subcrustal structures across the continental margin 
and to relate them to the tectonic history of the Arctic Basin. 
Approximately 2000 reliable free-air gravity anomalies have been 
determined In an area extending eastward from Point Barrow to 
Barter Island (near the Alaskan-Canadlan border) and from the 
coastline northward to about the 2000 m Isobath. The program Is 
being continued aboard an icebreaker during the summer of 1974. 

Ship positioning was obtained with a satellite navigation 
system and, for part of the operation, with a ship course 
recorder for positioning between satellite fixes. The satellite 
fixes were analyzed in some detail for the purpose of making as 
accurate gravity reductions as possible. Although the fixes 
were not obtained for purposes of evaluating the navigation 
system Itself, the analysis demonstrates the adequacy of routine- 
ly obtained ship-board fixes for deep ocean geophysical studies. 


FIELD PROCEDURES 

Continuous gravity measurements were made aboard the USCGC 
Glacier In conjunction with the Coast Guard's program. Western 
Beaufort Sea Ecological Cruise (WEBSEC). The purpose of WEBSEC 
was to establish certain marine environmental baselines In the 
vicinity of the Alaskan northslope. The scheduled WEBSEC track- 
lines generally suited our gravity requirements, particularly 
the long tracklines which were to be run perpendicular to the 
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coastline. Figure 1 shows trackiines made during 1972 and 1973 
along which reliable gravity anomalies were calculated. The 
total number of WE8SEC tracklines are more extensive than those 
shown in Figure 1, but are located in the same general area. 

The Instruments used to measure gravity were LaCoste and 
Romberg stable-table surface-ship meter systems No. S-42 (1972) 
and No. S-51 (1973). The satellite navigation system was the 
AN/SRN-o which is part of the Slacier regular navigation equip- 
ment. During the 1973 cruise, a course recorder linked to the 
ship's gyro system was operated to assist in the navigation 
reduction. The recorder has a resolution of approximately 1 . 

The ship maintained generally constant speeds and headings 
In open waters; along such constant velocity lines, reliable 
gravity measurements and corresponding Eotvos corrections were 
obtained. Numerous oceanographic stations were also occupied 
as part of WEBSEC, most of them in open water and each for 
periods of from a few hours to more than a day. Gravity was . 
measured continuously while on station and drift of the ship 
was determined from satellite fixes. The resultant gravity 
measurements provided excellent anomaly values. On several 
occasions the ship was anchored at sea, the longest anchored 
station being occupied for about 20 hours. These anchored 
stations provided the most reliable gravity measurements and the 
most significant data for estimating the mean error of satellite 
fixes. On other occasions, the ship was secure in drifting ice 
for more than two days. Using a helicopter to transport a 
geodetic land meter between stations, a base-station tie was 
then obtained between gravity measured on the ice alongside the 
ship and the Moollard base station at Barrow. During these 
time periods, conventional gravity anomalies were also obtained. 
Frequently, the ship was underway in ice, durfng which gravity 
measurements were attempted. When breaking too heavy ice or 
when dodging floating ice, resultant accelerations were some- 
times too large to provide reliable gravity measurements, and 
Eotvos corrections were sometimes too uncertain to permit 
reliable anomaly determinations. While gravity anomalies could 
not be calculated under such severe operating conditions, all 
available satellite fixes were nonetheless obtained then as well 
as under more favorable ship conditions. 

Because satellite passes are more numerous at high lati- 
tudes than elsewhere, the fixes obtained during the program 
provide an unusual opportunity for the determination of the 
reliability of routine fixes. One of our gravity personnel 
assisted in rerunning the Doppler data aboard ship in an attempt 
to Improve the quality of the fixes over otherwise routine 
calculated values, thus assuring that fix errors were minimized. 
Low-angle satellite passes were usually not accepted because of 
too few Doppler data; similarly, some high-angle passes were 
rejected because of too small Doppler shifts. 

Satellite fixes were obtained under three different ship 
operating conditions: running, drifting, and anchored. The 

latter t*o involved on-station fixes for periods from a few 
hours to several days. 


OATA REDUCTION AND EVALUATION 

The criteria used for selecting gravity data from the 
continuous ana og records are (1) to generally accept all data 
when operating in ice-free conditions, with anomalies determined 
from the records at about 10 minute Intervals and, (2) to accept 
those data, when the ship was breaking or dodging ice, in which 
the recordings couid readily be smoothed over Intervals of 
several minutes (sho't-period gravity variations of less than 
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3-5 mgal). Gravity measurements were excluded which fluctuated 
on the order of tens of milligals; these data could not be 
smoothed because extraneous accelerations of long duration were 
Included in the recordings, usually due to substantial ship 
maneuvering (backing, rapid course changes of long duration, 
stop and start, etc.). Howe.ver, sea states were generally so 
calm in the area that all measurements, except when actually 
breaking ice, were made within acceptable acceleration limits. 

Ship speeds were often less than 2 knots when operating in 
ice and 6 knots in open waters. At latitudes of 70 °-72°N, the 
maximum Eotvos corrections (for easterly or westerly headings) 
are 5 and 15 mgal, respectively. Assuming errors of 0.25 km in 
navigation fixes (as discussed later), errors in Eotvos correc- 
tion will be less than 0.5 mgal in ice and 1.5 mgal in open 
water. A larger source of anomaly error, however, is due to 
Incorrect positioning in areas of steep gravity gradients. 

The uncertainty In calculated gravity anomalies was deter- 
mined from an analysis of misties at all available trackline 
intersections, totaling 86. Figure 2 shows the results of the 
mistie analysis. The misties range from 0.0 to 5.0 mgal, the 
mean mistie being 1.5 mgal. By distributing the mistie equally 
between two intersecting lines, the uncertainty in anomaly 
determination is 1.1 mgal, which includes the effects of meter 
reliability and of errors in navigation. 

The mode of the misties Is seen to be 1.0 mgal (Fig. 2); 

the 90th percentile 0.3 mgal (10% of the misties are ’ess than 

0.3 mgal); the 50th percentile or median mistie 1.3 mgal; and 

the 10th percentile 3.3 mgal (901 of the misties are less than 

3.3 mgal). The misties are seen to be small, without exception, 
despite the fact that some of the Intersections are located over 
steep gravity gradients (as large as 10 mgal/km in some areas). 
The navigation data are thus concluded to be quite reliable. 

An estimate of the accuracy of routinely obtained satellite 
fixes is indicated in Fig. 3, where all 17 available fixes are 
plotted about the mean fix position for one anchored ship 
station. The mean error of the fixes is 0.25 km (800 ft), with 
a standard deviation about the mean position of 0.31 km. These 
errors indicate what can be expected from routine navigational 
data as available from the bridge logs. It should be pointed 
out, however, that the precision of fixes could usually be 
Improved when our gravity personnel reduced the recorded Doppler 
data. Whether the Improved precision amounted to a significant 
increase in accuracy would have to be separately evaluated. 

While the ship was on station, the usually high drift rates 
due to water currents or wind required that gravity data be 
Eotvos corrected. Fig. 4 is an example of four selected drift 
profiles obtained with multiple fixes while the ship was 
"stopped". For comparison, the estimated mean navigation error 
is also shown on the figure. The observed drift is clearly 
much larger than the estimated position error. Gravity 
anomalies obtained at drifting positions thus Include Eotvos 
corrections based on drift determined from the satellite fixes. 

The majority of fixes were obtained while the ship was 
underway; these running fixes should Involve slightly larger 
errors than the anchored fixes as a result of ship speed. 
However, at ship speeds Of less than the 6 knots in open water, 
and less than the 2 knots in ice, the Increased fix errors 
should be small. If the observed uncertainty in gravity anomaly 
were due entirely to errors In Eotvos correction, the maximum 
error in ship speed can be calculated from the well-known 
equation 
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Ag ■ 7.5 (AV f ) COS 0 

where Ag Is In mgal, Av, In knots, and g Is the latitude. For a 
mean anomaly uncertainty of 1.1 mgal and a latitude of 71°, 

AVj ■ 0.45 knot ° 0.83 km/hr 

If fixes are obtained at half hour Intervals, the total position 
error In the two adjacent fixes becomes 0.4 km. As not all of 
the uncertainty can be attributed to position errors, the 
maximum error In running fixes would be less than 0.4 km, and It 
may be nearly as small as that obtained at anchor (0.25 km). 

Errors In gravity anomaly Include the error due to the 
performance of the meter system, error In Eotvos correction, and 
error In assumed station location. The latter effect Introduces 
two types of errors. The first Is the effect of assuming an 
incorrect latitude (In a field of uniform gravitational poten- 
tial) in the normal gravity formula used to calculate the gravity 
anomaly. This involves an error of 0.4 mgal/km In a north-south 
direction at high latitudes. The second applies to areas exhib- 
iting grayity gradients where gravity at the apparent station 
Is different from that at the place of actual measurement. Of 
these two sources of error, the first Is due to using an In- 
correct value of normal gravity and the second to using both an 
incorrect "observed" value and an Incorrect normal gravity value. 

The anomaly error due to Incorrect positioning In a field 
with a gravity gradient can be estimated. For reasonable values 
of 0.5 mgal In uncertainty In the meter system, 0.1 mgal as the 
error In the normal gravity formula for a north-south position 
error of 0.25 km, and 0.5 mgal as the uncertainty In Eotvos 
correction (In Ice areas), the mean anomaly error Ad associated 
with Incorrect positioning along a gravity gradient can be 
obtained from, 

Ag • [(0.5) 2 + (0.1) J + (0.5) 2 * (Ad) 2 ) 14 =1.1 mgal uncertainty 
from which 

Ad ° 0.84 mgal . 

An error of 0.84 mgal, due to an Incorrectly assumed posi- 
tion along a gravity gradient where position errors. between 
adjacent fixes are taken as 0.4 km ([(0.2!} J + (0.25)*]’) , Implies 
measurements In a gravity field with gradients of approximately 
2 mgsl/km. The largest gravity gradients in the area exceed 
10 mgal/km. The maximum observed gravity mlstle (5.0 mgal), 
assuming a navigation uncertainty of 0.25 km, corresponds to a 
gravity gradient of 8.5 mgal/km. 


CONCLUSIONS 

Observed fixes obtained with an AN/SRN-9 satellite naviga- 
tion system under routine operating condition; aboard a surface 
sh* in the Beaufort Sea have a mean error of 0.25 km, as 
determined from 17 successive fixes at an anchored position. The 
corresponding standard deviation about the mean position is 0.31 
km. This accuracy Is sufficient to provide gravity anomaly 
determinations, except for the effect of meter performance, 
within an uncertainty of one mllllgal. 


412 



Chi burl s and Oehllnger 


ACKNOWLEDGMENTS 

We gratefully acknowledge the cooperation and assistance 
of the U. S. Coast Guard, particularly the Office of Polar 
Operations and the officers and nen of the USCGC Glacier. 
Appreciation Is expressed to Oregon State Universify and to the 
Naval Oceanographic Office for loan of the gravity meters used 
to make the ship board measurements. This study has been 
supported In part by the Office of Naval Research under Contract 
N00014-68-A-01 97-0002 . 



Figure 1. Ship tracklines along which gravity anomalies were 
calculated. Satellite fixes were obtained along these lines 
and at Intermediate ship positions not shown. 
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Figure 2. Discrete and cumulative distribution of free-air 
gravity anomaly misties at trackline intersections. Discrete 
Interval, 0.4 mgal; cumulative Interval, 0.1 mgal. 
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Tijar? 3 . Multiple satellite fixes from a single anchored 
position. Positions plotted relative to the mean. Vertical 
and horizontal distances are to same scale. 
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Figure 4. Multiple satellite fixes from four selected ocean- 
ographic station positions showing directions and durations of 
drift. Shown to scale are observed mean latitudinal and longi- 
tudinal navigation errors of 0.25 km. 
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ABSTRACT 


An Investigation is made of the problems encountered in 
evaluating ocean gravity data received from various 
organizations. Statistical and graphical representations 
are developed to show problems caused by the divergence of 
the surveyed gravity data. Discrepancies noted are most 
pronounced when a vessel's track consists of a sequence of 
intersecting segments and particularly when different vessel's 
tracks Intersect. Present techniques of evaluation and 
adjustment of ocean gravity surveys to unify the data into 
a compatible system are discussed. 


INTRODUCTION 

The Department of Defense (DOD) Oravity Library Is 
located at the Defense Mapping Agency Aerospace Center (DMAAC) 
in St. Louis, Missouri. Established ii. July 1969, the Library 
Is the official depository for all gravity Information held 
by the Department of Defense. Complete library services are 
provided. Including technical knowledge and guidance on 
gravimetry and evaluated gravity data. 

The Gravity Library has acquired over 9,000,000 unique 
worldwide gravity observations and maintains an automated 
master file of over 9,000,000 selected evaluated gravity 
stations. As of February 1979, the Oravity Library had 
totally automated 9,309,968 gravity stations. Of these 65* 
or over 2,800,000 of these automated gravity stations are 
within the oceans. Figure 1 Illustrates the growth of the 
gravity data on file at the DOD Gravity Library. 

The sources of the gravity information the Gravity Library 
receives covers a broad spectrum of the scientific community, 
both national and International and governmental and private. 
Usual sources are US Naval Oceanographic Office, Defense 
Mapping Agency Topographic Center, National Oceanic and 
Atmospheric Administration (NOAA) , geophysical companies 
engaged In oil and mining activities, universities and 
Institutes Involved In geodetic or geophysical research, state 
agencies, national geological or geodetic commissions, and 
foreign governments with whom we have formal exchange agree- 
ments. 

As can be seen u.i the gravity data graphic, the holdings 
have increased by approximately 1,000,000 stations a year. 

This Is the largest known single collection of gravity data In 
the world. 
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The basic problem with this enormous and diverse 
collection Is the adjustment and evaluation or a large mass of 
heterogeneous gravity anomaly data. As was Indicated earlier, 
the data Is collected from a variety of sources, surveyed 
over a number of years, surveyed for different purposes, 
using a multitude of ships and equipment, and performed under 
ever-changing sea and weather conditions. 

The evaluation of gravity data In the oceans presents 
many unique problems not encountered In evaluating land gravlt" 
data. On land, the systematic errors are primarily datum 
and scale differences which can generally be eliminated by 
semi-automatic or automatic methods. Because of the density 
and proximity of reference base stations, the errors present 
In land gravity data are generally easily Identified. In 
ocean surveys even these systematic errors become difficult to 
Identify and to eliminate primarily because of lack of control - 
both gravity and geodetic. Random errors are difficult to 
Identify on land surveys and are even more difficult to Isolate 
In ocean gravity surveys. On land extensive use of the 
Bouguer anomaly and trend analysis aids greatly In the evalu- 
ation of land gravity data. However, the use of the Bouguer 
anomaly In evaluating ocean data has proven to be of minimum 
value. It Is considered by many au‘i ors that the introduction 
of the Bouguer reduction ior the ocean conceals or masks the 
natural pattern of the gravity anomaly field. 

The evaluation of diverse and large amounts of ocean 
gravity presents additional difficulties not realized In 
land gravity data. Principal of these Is the probable error 
contribution resulting from Inaccurate Eotvos corrections. 

The EBtvc's correction (dg), accounts for the effect of the 
ship's course and speed and Is generally computed by the 
formula: 


dg “ 7.5v sin A Cl. 0 

where V Is the speed of the ship In knots, A Is the ship's 
course or azimuth, and 0 Is the latitude. In middle latitude, 
an east-west velocity of 1 mile per hour corresponds to a 
change In observed gravity of 5 mllllgals. With the develop- 
ment of modern sophisticated na.lgatlon systems, It Is now 
possible to obtain the EStvBs correction within 1 or 2 mllllgal. 
However, most of the ocean data available was surveyed prior to 
development of Improved navigation systems and contains large 
errors due to Inaccurate EBtvBs corrections. 

Another source of error In ocean gravity is the Inability 
to effectively eliminate cross-coupling. This cross-coupling 
error Is caused by a coupling between the horizontal and 
vertical accelerations Incident upon the gravimeter creating a 
b'as In the recording of measured gravity. This error Is 
removed by continuous computation during the actual survey and 
Is difficult. If not Impossible, to correct once the data Is 
reduced and placed In ‘he library system. 

The Oravlty Library does not receive all the measured 
Input to calculate these corrections, therefore, the depth of 
Investigations and analysis of their error contribution Is 
harpered. However, with Improved navigation and gravimeter 
syitems, reliability and accuracy or later date surveys are 
being realized and the selection of preferred or control source 
data Is considerably enhanced. 

Still the task of developing a unified set of gravity 
values from various sets of gravity sources must be accomi 1! shed . 
Since gravity data, primarily in the form of gravity anomalies, 
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are U8*><1 In many DOD scientific programs, the evaluation and 
unification process oust eliminate any blunders and reduce the 
errors to a minimum. 


ANALYSIS OF GRAVITY DISCREPANCIES AT TRACK INTERSECTIONS 

The accuracy or at least the reliability of ocean gravity 
measurements can most easily he determined by comparing free 
air gravity anomaly values at track Intersections. These 
coaparlsons made for Individual surveys and between different 
surveys provide for analysis that guide selection of methods 
that will eliminate or reduce errors to a minimum. 

This Is a formidable task because of the large amount 
of survey track Intersections In some areas and few or no 
survey track. Intersections In other areas. 

As a sample of the track Intersection discrepancies 
found, an analysis of the gravity discrepancies at track 
intersections In 8*8 - 1* i 1* areas In the Pacific Ocean is 
shown by the histogram in Figure 2. A total of 280 ship track 
Intersections were analyzed. Track intersection discrepancies 
ranged from 9 to 150 milllgals. The mean mls-tle of the 280 
Intersections Is 13.6 milllgals. The root mean square (RMS) 
discrepancy for all Intersections was *2*. 3 milllgals. A 
RMS of this magnitude Is Indicative of the presence of large 
systematic and/or random errors. These Intersection analyses 
provide an example of the divergence of surface ship gravity 
measurements that have been surveyed over a number of years. 
Large unaccountable errors are identified and because It Is 
impossible to attribute these errors to any single factor, 
some of the gravity data Is initially unusable when evaluated 
in conjunction with later date surveys. 

However, every effort Is made to evaluate and adjust the 
maximum amount of gravity data. Various techniques and 
procedures are employed by the Gravity Library to achieve this 
goal. 


Because of the quantity of data and the large number of 
sources, maximum use of automated processes Is a necessity. 
As related earlier, all gravity data received by the Gravity 
Library Is completely automated and coded to indicate the 
organization that performed the actual ship survey. This Is 
extremely useful In the evaluation of data as it Is received 
and In subsequent evaluation of new gravity survey data. 


EVALUATION OF GRAVITY DATA IN A SELECTED AREA 

In the initial stage of evaluating the combined surveyed 
gravity data In a selected area, a source plot Is prepared 
using an automatic plotter. In addition to the source plot, 
all pertinent Information Including the organization that 
performed the survey, date, number cf stations provided, and 
extent of the survey is furnished by the computer from a 
completely automated file reference library. This information 
can be furnished on an s-ea by area basis. The source plot, 
which can be provided at any scale, shows all ship tracks wi 
an individual code which represents the different sources li 
the selected area. For more recent surveys the tra-'' number 
when furnished by the surveying organization, are * I tg 
Included and can be annotated on the source plot. Figure 3 
is an example of the source plot for a selected area. 

The source plot shown In Figure 3 Indicates four differen*. 
surveys have been performed in the area with a total of 19 
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different tracks. These tracks produced 26 Intersections and 
about 1226 Biles of continuous data. Using this source plot 
annotated with track Intersection discrepancies, a good 
ezaaple of the status of several ship gravity neaaurenents Is 
shown. The average unadjusted difference between traeks 
for all 26 Intersections is 30.3 Bllllgals. Of these, 5*J are 
over 10 Bllllgals. The maximum observed difference Is 95 
Bllllgals. The highest Intersection differences occurred 
along a single northeast by southwest line. It Is readily 
seen that large unaccountable errors are present; however, the 
aagnltude of the errors contributed by any specific survey 
cannot be definitely specified. 

Since the Gravity Library does not normally receive 
navigation logs, ship logs, or sea state conditions at the 
tine of the survey. It Is difficult If not Impossible to 
determine If the discrepancies are due to errors In navigation 
or gravity meter Instrument or to Inaccurate removal of 
computational errors such as the E8tv5s effect. 

Continuing the evaluation with the limited Information 
relative to all the surveys In the area, the tracks are first 
Inspected for systematic errors. Next, all unadjusted free 
air anosalles are contoured. Figure * is a contoured free 
air anomaly map of all sources for the selected area which 
shows unlikely gravity gradients. This initial contour map 
will show certain tracks to deviate significantly from the 
gravity trend or regional gravity field. Using this contour 
map Information and source plot Information, a preferred or 
control data source can generally be selected. 

Few techniques are presently available to identify the 
exact magnitude of error; therefore, the most favored approach 
Is to develop a smoothed free air gravity anomaly map after 
blunders are removed and Inconsistencies and discrepancies 
between ship tracks are minimized. Care must be taken In 
using a smoothed free air contour map as the only criteria 
In determining the accuracy and reliability of a survey or a 
system of surveys. The Insulating effect of the layer of 
water saooths out short wave length features and results In 
making It more difficult to Identify low-amplitude anomalies 
along gravity aurvey lines. 

The computer approach In which purely statistical analysis 
form the basis for evaluation and adjustment does not eliminate 
the need for geophysical Investigations and decisions, but It 
does reduce the problem considerably. 


GEOPHYSICAL INVESTIGATIONS 

All available Information Is used In developing the 
smoothed grav-ty contour map. Principal data In this evaluation 
Is water depth and ocean bottom topography information. 
Additionally, the use of free air gravity anomaly profiles 
has proven to be useful In the evaluation process. Figure 5 
shows the comparison of the free air gravity anomalies profiles 
for two adjacent tracks. The two nearly coincident tracks 
also represent different surveys. It can be seen that the 
amplitude of the two gravity tracks Is significantly gree'.ar 
and slightly broader. Although the gradient differs In 
aagnltude, the trend of the anomalies are similar. Since the 
two tracks are not exactly coincident some of the differences 
In measured gravity are real. In this sample as In most of 
the ocean areas geophysical Information Is for the most 
part to general and regional In nature for fine detail 
adjustment of Individual tracks. However, geophysical Infor- 
mation can be and is used to evaluate the relative accuracy 
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of gravity profiles. As an example, gravity correlation 
analysis with available geophysical Information can be used In 
Identifying subtle changes In the gravity field due to the 
erfect of local geologic variations In density or structure. 

The trained geophysicists should be prepared to know what to 
expect of the gravity field variations In areas of local 
Irregularities such as seamounts, trenches, and the edge of 
the continental shelf. In these geophysically significant 
areas, abrupt changes In the gravity field may at first be 
Interpreted as erroneous measurements In gravity. Conversely, 
the geophysicists should be aware of the form of the gravity 
field In the more regional geological and broad tectonic 
features such as an abyssal plain where smooth, non-varying 
gravity measurements along the profile should be expected. 

Por the two profiles In Figure 5, correlation with water 
depth does not aid In the resolution of the large gravity 
differences. The maximum difference between the two profiles 
Is 77 mllllgals at a distance of 50-55 miles along the two 
tracks. The depth Is approximately t ,600 meters throughout 
the length of the two tracks as determined from the only 
available bathymetric chart In the area. However, reliable 
depth Information Is extremely useful for detecting local 
Irregularities such as seamounts, trenches, ridges and the 
edges of the continental shelf. Correlation of point or 
continuous gravity measurements with other surveyed geophysical 
parameters such as magnetic and heat flow have not been used 
successfully in evaluating and adjusting ocean gravity surveys. 
However, the local correlation between the ocean bottom 
topography and the free air anomalies permits a reliable 
estimation of the statistical characteristics and magnitude 
of the gravity field. 


RESULTS OP EVALUATION AND ADJUSTMENTS 

The results of the track Intersection analysis and 
subsequent adjustments are shown on the contoured gravity 
anomaly map in Plgure 6 . The contours are smoothed out and 
Indicate there Is a good correlation with the ocean bottom 
topography. The high positive areas Indicate anomalies which 
In fact consists of two prominent near surface features. 

Before the data was adjusted In this saaple area track 
Intersection discrepancies ranged from 3 to 85 mllllgals. 

The RHS for all 26 Intersections was ±46.3 mllllgals with a 
mean mls-tle of 30.3 mllllgals. After eliminating the unusable 
portion of the data and making adjustment to the remaining 
tracks, the RHS for the track Intersection discrepancies was 
reduced to et.O mllllgals. 

Other procedures and methods have been developed to 
evaluate and adjust gravity data held by the DOD Oravlty 
Library. Computer programs have been written for these 
methods that can process large quantities of data. However, 
these programs have not proved to be as valuable for ocean 
survey data as for land gravity data. One of these computer 
programs Is the Common Station Comparison Program which 
generates a cross reference file of gravity stations from 
different sources that lie within a specified Interval of each 
other. By comparing gravity anomalies at common and near 
common stations, the datum and scale differences between the 
various sources of data can be determined. Another computer 
program available Is the Least Squares Adjustment of Sravlty 
Sources which adjusts one gravity survey to the scale and 
datum of another. Common stations between two sources are 
analyzed and If a systematic relationship is evident, these 
values are used as Input for the adjustment. 
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In developing these methods of evaluation. It Is seen 
that these statistics computed In the computer programs 
describe the repeatability of the measured gravity, particu- 
larly during an Individual survey, but not always the actual 
gravity or gravity anomalies. 

Other authors have developed additional statistical 
methods to correct for systematic errors by making comparisons 
at line crossings; however, these methods have essentially 
treated data of a homogeneous survey and did not consider 
track data from several different surveys. Other limitations 
such as the requirement for evenly spaced data have further 
hampered the use of these statistical methods In our evaluation 
processes. 


CONCLUSION 

Although analyses of track Intersections and subsequent 
adjustments does not guarantee complete elimination of errors. 
It does provide a means to unify large quantities of data 
with a limited amount of Information. New and Improved 
methods are being sought tnat will give greater reliability 
to this problem. In the last few years, emphasis has been on 
Improvement and development of ocean gravimeters and stable 
platforms. Recent Improvements and future development of 
Improved navigation systems will make It possible to measure 
gravity with repeatability and accuracy of that presently 
achieved near shore. Until significant amounts of better 
quality gravity become available In the world's oceans, 
methods as previously described will continue to be required. 
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Pigure 1. DOD Gravity Library Gravity Station Holdings 
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Figure 5. Comparison of Free Air Gravity Anomaly Profiles 
for Two Adjacent Tracks 


426 



BOYER 



Figure 6. Contoured Pree Air Anomaly Map of Sample Area After 
Adjustment 
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Abstract 


This paper describes the analysis and development of a filter for 
estimating the heave displacement of a survey ship using measurements ob- 
tained from an on-board gravity meter. The gravity meter is designed to 
measure the magnitude of gravity which changes slowly at the low speed of 
the ship. Vertical accelerations which occur at higher frequencies are also 
sensed but are suppressed by a low-pass filter, which is an Integral part of 
the gravity meter. Using this instrument for sensing heave motion, there- 
fore, runs counter to its design objectives. The heave accelerations and the 
associated displacement can, however, be recovered and separated from the 
gravity measurement by appropriate filtering of the gravity meter signal. 

Two filter designs are considered, i. e. , a fixed gain Kalman type filter and 
a filter designed on the basis of frequency response. These designs are 
analyzed using statistical heave process models, which are used to simulate 
the heave acceleration to obtain the corresponding gravity meter measure- 
ments. The models are based on analysis of at-sea gravity meter data which 
were collected for this purpose. Statistics of the filter performances are 
included. 


Introduction 


The U. S. Navy has been actively engaged in developing instrumentation 
for use in oceanographic research. One such instrument is a heave dis- 
placement processor which can be used to correct errors in ocean depth 
measurements introduced by the vertical heave motion of the ship. 

The heave displacement processor, developed for installation in late 
1974 aboard the USNS Wyman, TAGS 34, will be used to provide on-line 
heave motion data in digital format. An onboard gravity meter located near 
the metacenter of the vessel provides a very accurate measure of the ship's 
vertical accelerations. Thus, it is not necessary to develop a special sensor 
as a part of the heave processor. The combined effects of acceleration and 
gravity are sensed by a temperature controlled accelerometer which is 


* This work was performed in part under U. S. Navy Contract No. N001 40-73- 
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mounted on a gyro stabilized platform. The heave acceleration measure- 
ments, with 4 to 20 second periods, are attenuated by a simple low pass 
active filter, since the gravity meter is primarily designed to measure low 
frequency gravity anomalies. The filter is an integral part of the gravity 
meter, however, and must be accounted for in the design of the heave pro- 
cessor. The variations in the gravity measurements depend only on the 
ship's speed and can be regarded as a dc input in comparison with the heave 
acceleration frequencies. 

The heave processor must therefore be capable of separating the heave 
acceleration from the effects of gravity In addition to compensating for the 
dynamic effects of the gravity meter filter. The required accuracy of the 
estimate is about 0.1 fathoms (0.6 ft) with a sampling interval of 0.1 seconds. 
Hardware specifications for the heave processor have been written as a re- 
sult of the studies performed and a contract for its manufacture let by the 
Naval Air Development Center. The heave processor will consist of an ana- 
log active filter with a digital output signal. 

The Heave Process Model 


The heave motion of a ship is caused by buoyant forces due to ocean 
waves of varying amplitudes and frequencies acting on the ship's hull. It 
has been found that this motion can be described as a stationary random 
process whose characteristics depend on the sea state and the dynamic 
characteristics of the ship (Ref. 1). This means that the heave process can 
be mathematically modeled as a linear time invariant system (shaping filter) 
which is driven by uncorrelated noise. In the approach taken here the ocean 
dynamics and the ship's dynamics are considered as a single system, since 
the ship's dynamics are expected to be similar for a class of oceanographic 
vessels. In any event, it would probably be difficult to separately determine 
the ship's transfer function. 

The shaping filter which was chosen to represent the heave acceleration 
dynamics consists of two cascaded second order systems given by the trans- 
fer function: 

H<s) = -5 y~i T («) 

(s + 2 C| w j s + ajj ) (s + 2 C2 ® + ) 


This transfer function has been used previously to model vertical ship motion 
and has the appropriate property of being band limited. Thus, the natural 
frequencies of the transfer function, whose input is wideband noise, deter- 
mine the bandwidth of the acceleration tfynamics. The damping ratios can 
then be used to adjust the general shape of the frequency response as des- 
cribed later in this paper. 


The transfer function of the gravity meter can be modeled as a first 
order lag: 


F(s) 


1 

Tg s + 1 


( 2 ) 


where r_ is the time constant of the filter which is used to attenuate the 
heave acceleration signal. The force of gravity, which Is the primary input 
quantity to the gravity meter, can be modeled as a constant in comparison 
with the high frequency acceleration effectB. Only the gravity anomaly 
residual must be considered if the nominal value of the gravity field is sub- 
tracted from the output of the gravity meter. 

The total output of the gravity meter can then be realized in a state 
space configuration as shown in Fig. 1 by using the transfer functions of 
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Eqs. (1) and (2). The constant residual gravity input Is modeled as a random 
Initial condition of an Integrator. In this formulation, the heave acceleration, 
velocity and displacement appear as state variables as can be seen from 
Fig. 1. This form of the state equations Is therefore very convenient for the 
analysis and simulation of the system. 


The power spectral density of the gravity meter outfit due to the heave 
acceleration is easily obtained from the transfer functions of Eqs. (1) and 
(2) In the form: 


v w) 


771 2.2 .2 2 2 lr , 2 51 . 2 2 2,. 2 2 ., 

l(e)j - w ) * <*>1 “ Jl'Wg • « ) + w JlTgUi + 


( 3 ) 


where Q denotes the power spectral density of the white noise Input. Th's 
function is plotted in Fig. 2 for the design model values given in Table I, 
which were used before the at-sea heave data became available. The Input 
noise strength of Q = 0.9 ft* /sec 5 was chosen to give a heave displacement 
amplitude of 2.5 ft. 


Heave Data Analysis 

A number of runs of gravity meter data were recorded at sea In May of 
1973 aboard the U8N8 Wyman in various sea states. The Wyman 1s a 2400 
ton (285 feet) survey ship with a cruising speed of about 1 ] knots. The data 
consists of gravity meter output which was sampled at 0.1 sec Intervale and 
recorded on magnetic tape with each nut lasting about 20 minutes. The test 
conditions were recorded for each run In terms of wind speed and direction, 
and shipspeed and heading, as well as observed wave height and direction. 
The conditions during the data collection were calm to moderate with a 
maximum recorded wind speed of 22 knots and up to 7 ft wave heights. 
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Figure 2. Power Spectral Density oi Gravity Meter Oitput 
for Design Model 


TABLE I 

PARAMETER VALUES OF HEAVE PROCESS MODELS 


PSD Model 

2 Q 5 

(ft /sec 0 ) 

m 

B 

(rad/sec / 

(rad/sec) 

Design Model 

0.9 

B 

0.1 

0.44 

1.07 

High Frequency 
Model 

0.9 

D 

0.075 

0.9 

1.25 

Low Frequency 
Model 

0.9 

0.15 

0.25 

0.5 

1.0 


Three data runs were selected for processing and comparison with the 
mathematical model. Segments of this data are shown in Fig. 3. Runs No. 1 
and 2 contain relatively high frequencies whereas Run No. 3 is of somewhat 
lower frequency. These runs are representative of the spectrum of heave 
conditions encountered during the data collection and appear to have relatively 
stationary statistical properties. Each run was processed by Fast Fourier 
Transformation techniques in order to obtain its power spectrum. 

The resulting power spectral densities are shown In Fig. 4, which also 
gives the adjusted power spectra of the mathematical process model. The 
spectra of Runs No. 1 and 2 are similar in appearance with peak energy in 
the neighborhood of 1.2 rad/sec and practically »:• ‘he energy contained be- 
tween 0.3 to 1.0 rad/sec, or periods from 3 to ti The spectrum for 
Run No. 3 is in the same general frequency band .nost of the energy is 
at the lower end of the spectrum with peak energy around 0.S rad/sec. It 
should be noted that these results include the effect of the gravity meter, 
i.e. , the low pass prefilter. However, the heave acceleration power spec- 
trum can be obtained if desired, since the transfer function of the prefUter 
is accurately unknown. These power spectra are also dependent on the 
dynamic characteristics of the ship as noted above and would consequently 
have to be modified for a ship of a different class. 
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SECONDS 


a) Hun No. 1 



SECONDS 
c) Run No. 3 

Figure 3. Segments of Gravity Meter Output Data Taken At-Sea 

Comparison of the PSD's of the design process model and (he data in 
Figs. 2 and 4 respectively, Indicates that the original design model para- 
meters should be changed in order to obtain better agreement between the 
da*a and the mathematical model. For this purpose the natural frequencies 
and damping ratios of the model were adjusted by trial and error until a 
reasonably good agreement between the data and model spectra was achieved. 
Two Bets of parameter values were obtained corresponding to the high fre- 
quency power spectra of Runs No. I and 2 on the one hand and the low fre- 
quency spectra of Run No. 3 on the other hand. The power spectra of the two 
resulting models have the same general shape as the corresponding PSD's 
of the data as can be seen from Fig. 4. The relatively low order of the 
model, however, limits the extent to whirh the variations of the data spec- 
trum can be reproduced. The amplitude of the model power spectrum de- 
pends on the amplitude of the white noise input and can be adjusted to obtain 
any desired heave acceleration or displacement amplitude. The parameters 
of the three process models corresponding to Eq. (1) are summarised in 
Table 1. 
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Figure 4 . 


e) Run No. 3 

PSD's of Gravity Meter Output for At-Sea Cuts (Solid Lines) 
and Adjusted Process Models (Dashed Lines) 
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Filler Design 

The desired output of the heave filter is an estimate of the heave 
displacement, which is a double integral of the heave acceleration. In the 
absence of any disturbing inputs this objective could be achieved, in theory, 
by compensating for the dynamics of the gravity meter filter and integrating 
the resulting output twice. The initial conditions of the integrators, i.e. , 
initial displacement and velocity, cannot be determined accurately, however, 
resulting in unstable computations of displacement. The infinite dc gain of 
the system would also result in a diverging heave displacement computation 
due to the nearly constant gravity Input. 

A more realistic approach consists of designing a transfer function 
which has the characteristics of a double integrator in the frequency band 
of interest, i. e. , between 0.3 and 2.0 rad/sec, where heave acceleration is 
taken as the input variable. The break f r e que ncy of the gravity meter filter 
is 0.044 rad/sec which is substantially lower than the lowest frequency 
expected In the acceleration input. Its transfer function, therefore, has the 
characteristics of a single integrator in the frequency band of interest. The 
desired filter characteristics can then be obtained by adding a second integra- 
tion in this frequency hand and by reducing the dc ptin to a very small value 
tat order to eliminate the effect of the gravity residual. A transfer function 
which achieves this goal was suggested by the manufacturer ot the gravity 
meter, Bell Aerospace Company. 



where Tg is the gravity meter filter time constant (T2.5 sec) and: 

w j s 0.075 rad/sec 

Cf =o - 5 
T{ * 0.15 sec 

Any constant input is blocked by the numerator zero which in conjunction 
with the gravity meter filter and the damped second order mode provides the 
necessary double integration in the frequency band of the heave acceleration 
signal. The Ugh frequency pole Is added to attenuate noise but has essentially 
no effect on the signal. 

The techniques of Kalman filtering offer another approach to the problem 
of estimating the heave displacement, as well as other states of the process, 
from the gravity meter output. The equation governing the estimate of the 
process states Is then given by: 

x = Fx * k (x - x g ) (5) 

where z is the gravity meter measurement : 

* = *g ♦ » (8) 


and 
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x = estimate of the (5 x l ) state vector x containing 
~ the heave process states and the gravity meter 
output 

x g - estimate of the gravity meter output Xg 

v - uncorrelated measurement noise 
It - (5x1) computed gain vector 


The system matrix, F, can be obtained directly from the system realization 
in Fig. 1 as: 

T 0 1 0 0 0 1 

0 0 1 0 0 


0 0 0 1 0 
-“0 * a l -®2 * a 3 0 


( 7 ) 


0 



The gravity bias was not included as a state in the filter assuming that its 
effect could be subtracted separately. Addition of this state to the filter does 
not present any problem, however, but increases its order by one. 


The gain vector was computed using the standard Kalman filter formula- 
tion by determining the steady-state solution of the Riccati equation (Ref. 2), 
because the filter is required to be time invariant. The parameter values 
and process noise variance of the design process model of Table 1 were used, 
since the at-sea heave data was unavailable at that time. The measurement 
noise intensity was varied resulting in several sets of gains. Table II gives 
three sets of gains and the corresponding measurement noise variances of 
which case No. 2 was chosen for further analysis. The performances of the 
two filter designs, i. e. , the Bell filter and the Kalman filter, were then 
evaluated by simulation using the modified process models. 


TABLE n 

SETS OF CONSTANT GAINS FOR STEADY-STATE KALMAN FILTER 


Parameter 

Case No. 1 

Case No. 2 

Case No. 3 

R 

(ft 2 /sec 2 ) 

4 x 10* 4 

mm 

2.5 x 10* 5 

•s 

(sec) 

-83.7 

B 

-202.8 

•s 

-3.4 

■ ■ 

-5.6 

K 3 

(sec* 1 ) 

36.9 

57.5 

85.9 

K 4 

(sec* 2 ) 

31.9 

76.0 

167.4 

K 5 

(sec* 1 ) 

1.6 

__ 

2.6 

3.8 
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Simulation and Evaluation 


The output of the heave filter is an estimate of the vertical displacement 
of the ship. It is therefore necessary to obtain an accurate reference heave 
displacement in order to be able to evaluate the error in the estimate of the 
filters. Unfortunately, no such reference exists for the gravity meter data 
described above since no independent displacement measurement was available. 
The only alternative is to use a digital computer simulation based on the heave 
process models of Table I and t'ie dynamic filter equations. This makes it 
possible to generate both the filter outputs and the corresponding true heave 
displacement which is available as a state in the process model of Fig. 1. 

The driving noise was obtained by using a random number generator that 
gives a sequence of uncorrelated numbers with a normal distribution. The 
dynamic equations were then solved by using the system state transition 
matrix to propagate the system state forward in time. 

The Bell and Kalman filters were compared by simulating their outputs 
using the design process model parameters of Table 1. The rms error of 
the heave estimate was computed directly from the simulated results after 
initial transients in the system response had decayed. The simulation re- 
sults showed that the steady-state Kalman filter could be expected to give 
about 3tfr better performance than the Bell filter, as can be seen from 
Table HI. However, the Bell filter is simpler in design, since it only re- 
quires a third order transfer function tin addition to the dynamics of the 
gravity meter) whereas the Kalman filter is of fifth order. The Bell filter 
was therefore chosen for further development in view of the fact that its 
accuracy satisfies the design objectives. 

The Bell filter was also tested by using the high and low frequency pro- 
cess models given by Table I with the results given by Table IQ. The low 
frequency model gives approximately the same percentage error result as the 
design model but the performance improves somewhat when the high frequency 
model is used. 

A qualitative comparison of the mathematical heave model and the 
observed heave motion can be made by considering the two heave filter 
responses in Fig. S. These represent the output (i.e. , the estimated heave 
displacement) of the Bell filter using simulated and real gravity meter 
input data respectively. The time histories exhibit very similar dynamic 
characteristics, giving strong support to the validity of using the random 
process model to simulate the heave motion. 


TABLE HI 

HEAVE FILTER SIMULATION RESULTS 


Filter 

Process Model 

RMS Amplitude 

RMS Frror 

Percent Frror 

Bell 

Design Model 

2.5 ft. 

0.67 ft. 

27% 

Bell 

High Frequency 
Model 

2.7 ft. 

0.63 ft. 

23% 

Bell 

Low Frequency 
Model 

2.2 ft. 

0.61 ft. 

28% 

Ka'T.an 


2 * ** 



0.44 ft. 

18% 
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SECONDS 

a) Simulated Gravity lfeter Input Data 



b) Real Gravity Meter Input Data 


Figure S. Heave Filter Outputs Using Simulated and Real 
Gravity Meter Data 

The ability of the heave processor to estimate the heave amplitude with 
less than 0.1 fathom rms error clearly depends on the total heave displace- 
ment amplitude. Thus the design chosen for development can be expected to 
give satisfactory performance up to an amplitude of 3 ft (i. e. , wave height 
of 6 ft) with some variation according to the frequency content of the heave 
motion. Thus, larger estimation errors have been observed at the lower end 
of the signal spectrum due to phase shift errors in the filter. 
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Conclusions 


It has been found tint a shipboard gravity meter can be used as a sensor 
tor estimating tbe vertical displacement ot a survey vessel. A relatively 
simple alter can be used to provide tbe required continuous on-line proces- 
sing ot the gravity meter data with an rms estimation error of about 15% ot 
the total rms heave displacement amplitude. A more elaborate Kalman type 
Olter could be used to improve this performance by about 30% at the cost of 
increased complexity in tbe filter design. Tbe use ot stationary random 
process models to simulate the heave dynamics of the vessel gave excellent 
agreement with data taken at-sea after adjustment of tbe model power 
spectral density to approximate the power spectrum computed from the data. 
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RESOLUTIONS 


The participants of the 1974 International Symposium on Applications 
of Marine Geodesy 

reviewing the resolutions pertaining to marine geodesy made by IAPSO 
at its General Assembly in Bern, Switzerland, in 1967 and by IAG at its 
General Assembly in Moscow, USSR, in 1971, and 

considering the contents of the scientific program held at Battelle 
Columbus Laboratories, Columbus, Ohio, in 1974, 

recommend encouragement of the following: 

(1) (a) Establishment of marine test sites or marine geodetic 

ranges suitable for the calibration and verification 
of precise geodetic and navigation methods, 

(b) Conduct of "con trolled -condition” experiments to 
determine the best accuracy attainable, 

(c) Publication of results of such experiments. 

(2) Continued studies on methods of determining the form of the 
geoid by satellite altimetry, taking oceanographic parameters 
into account 

(3) Design and conduct of specific marine geodetic experiments 
and development of improved data-analysis techniques, to 
permit determination of tides, mean sea level, ocean surface 
heights above mean sea level, and sea floor spreading 

(4) Development of astronomic instruments useable at sea to 
make possible geoid determination by astrogravimetric and 
as tro-sa tel li te techniques 

(5) Establishment of geometric geodetic systems for determining 
marine boundaries and for positioning based upon existing 
technology, with the caf^oility for improvement in accuracy 
with increasing need .nd improved technology 

(6) Use of SI units in all reports, at least parenthetically 

(7) Establishment of communication with users relative to their 
needs and accuracy requirements 

(8) Development of space systems that would make possible better 
position determination at sea 

(9) Continuation of efforts to increase the accuracy of position 
determination at sea by the optimum integration of different 
navigational aids, 

and extend their appreciation to Battelle Columbus Laboratories for 
its hospitality and to the co-sponsors and associate sponsors, the 
organizing coimlttee, and others who contributed to the success of the 
1974 Symposium, and 

suggest that another International Symposium be arranged in a fev 
years (possibly 1977) to provide an opportunity for geodesists and marine 
scientists to discuss new developments in pertinent areas. 
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